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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

[0001] This disclosure describes a high bandwidth, dynamically rigid metrology system (DRMS) for the measurement 
and control of industrial processes. The phrase "dynamically rigid system" is defined to mean one which establishes 
a fixed coordinate system in space that, from a functional standpoint, is rigidly attached to a "workpiece" without the 
10 heed for massive, stiff structures to maintain rigidity. The coordinate system is established by optical means, and the 
optical devices used in this system have sufficient bandwidth so as to counter the effects of vibration and relative motion 
between the metrology system and the workpiece. By maintaining a fixed relationship in space between dynamically 
stabilized laser beams and the workpiece, the functional equivalent of rigidity is attained. 

[0002] A major feature of this invention is that it can attain very high accuracies in an economical manner by utilizing 
15 off the shelf industrial components, often in innovative ways not originally envisioned by the manufacturer. Therefore, 
the costs for obtaining high performance are reduced substantially, often to one percent or less of the cost associated 
with the current state of the art. 

[0003] In some cases, there are relatively large errors associated with certain classes of industrial components, and 
these cannot be reduced to acceptable tolerances regardless of cost. The environment in which this invention is used 
20 also induces errors in positioning, and these errors must be measured. An integral part of this invention is the means 
of measuring these errors, and correcting them. Substantial computational power such as that provided by workstations 
or high end personal computers is required to execute the high speed mathematical operations used to compute cor- 
rections in real time. In addition, reduced noise optical sensors and improved light sources enable low-cost, precision 
sensing and tracking. 

25 

Description of the Related Art 
COMPETING APPROACHES 

30 [0004] Metrology approaches can be classified as either direct or indirect. A direct measurement is made, for exam- 
ple, by measuring the position of a point with respect to some reference with a tape measure. An example of the indirect 
measurement approach is a stereoscopic vision system where the distance measurement is made by triangulation. 
The quantities actually measured are the distance between two cameras and the registration of the images on the 
focal plane. 

35 [0005] US 4, 866,362 discloses a target tracking system comprising two identical stationary and mutually distant 
sub-systems, each subsystem including a laser source and two perpendicularly pivotable mirrors such that a laser 
beam can be directed by each sub-system towards the moving target. 

[0006] The dynamically rigid metrology system (DRMS) of the present invention is an indirect measure method. Table 
I illustrates the competing technologies with DRMS. 

40 

Direct Position Measurements-Interferometer 

[0007] An extremely accurate, commercially available direct method of measuring length is a laser interferometer 
which is thousands of times more accurate for measuring distance along a beam than the capability of DRMS. The 
45 National Institute of Standards and Technology (NIST) has reported the use of a laser interferometry system to dynam- 
ically track the position of a robot end effector. In addition to the laser beam, the system uses rotating mirrors to track 
the beam onto the robot and reflect it back to the interferometer. In this way, a distance and two angles give the spherical 
coordinates of a point with respect to the coordinate system attached to the measuring instrument. This is a laboratory 
system and its stated accuracy is 0,001 27 cm. (0.0005 inches) within a 3-meter cube as a result of mirror induced errors. 

so 
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[0008] The interferometer system has a number of limitations. The mirrors used in this system are galvanometer 
15 driven mirrors, and as a result of bearing tolerances, the axis of rotation wobbles as the mirror rotates. This wobble 
component is of the order of 5 microradians (approximately 1 arc second), which results in increasingly larger error as 
the measuring volume increases. To obtain high bandwidth, the mirrors must be relatively smail (approximately 2 cm 
diameter), which precludes the use of the large diameter beams needed for high resolution over large distances. 
[0009] In addition to the mechanical problems of rotating mirrors, the interferometer can only measure changes in 
20 distance by counting the interference fringes resulting from that change. Consequently, any interruption of the beam 
requires re-establishing a reference point, since the fringe count will have been lost by the interruption. The maximum 
velocity component that an object can have along the direction of the interferometer beam is limited to 71cm. (28 
inches) per second for commercially available interferometers. This speed is much slower than many machines move. 
[001 0] The interferometer based system has high accuracy within a reasonably large volume, requires global rigidity 
25 jn order to function, and has limited velocity tracking capability. However, due to the beam interruption problem, its 
primary use is in the laboratory or as a calibration device for other metrology systems to be used in the production 
environment. 

Direct Position Measurement-Theodolite 

30 

[0011] Commercially available direct position measurement-theodolite instruments (i.e., Sokkia SETBii Electronic 
Total Station) work on a principle similar to the previously described device. Such an instrument basically consists of 
a theodolite to which a laser range finder has been added. The theodolite provides the two angular coordinates, and 
the laser provides the distance coordinate. This instrument is much slower than the NIST device and far less accurate 
35 because of the laser range finder. The laser range finder has a resolution of 0,0165 cm. (0.0065 inches) which implies 
a time resolution of 10" 11 second. In contrast, to obtain the distance resolution of the NIST device requires a time 
resolution of 4x1 0* 14 seconds which is now only possible under certain laboratory conditions. 

Indirect Position Measurements-Theodolite 

40 

[0012] The prototypical indirect method of measuring position is in land surveying through triangulation. All other 
indirect methods must contain the same elements, and an understanding of the DRMS is aided by analogy to surveying, 
in the surveying problem, triangulation requires a carefully measured distance as a baseline, and a reference plane 
determined by the intersection of the baseline and the local vertical as established by the gravity vector. The vector 

45 normal to the reference plane, with the local vertical and the baseline, establish three coordinate axes from which 
measurements can be made. The theodolite(s) is used to measure the azimuth and elevation angles from each end 
of the baseline to the point in question. This information is sufficient to solve for the other sides and angle of the triangle, 
as well as its orientation. In the surveying problem, mathematical equations are used to transform to standard coordi- 
nates such as latitude and longitude. 

so [0013] Surveyor's theodolites have been used to statically calibrate robot end effector position. This is one of the 
more accurate indirect methods of making the measurement, but is extremely slow since this requires manual operation 
and repeated readings. 

Indirect Position Measurements-Optical Imaging 

55 

[0014] A stereoscopic vision system consisting of two (or more) fixed video cameras can make the same measure- 
ment at a faster rate by processing the image and determining where in each focal plane fixed features of the observed 
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scene are located. Such a system is advantageous in that the workpiece and the tool can both be seen at the same 
time. The bandwidth of this type of system is limited by the video frame rate of 30 frames per second , which establishes 
a Nyquist frequency of 15 Hz. When one takes into account the computationally intensive image processing time, 
bandwidths are reduced even more, with realistic bandwidths reduced to 5 Hz or less. 

5 [001 5] A commercially available system that performs the equivalent function of the stereoscopic system is called 
"Optotrak." This commercially available system avoids the image processing time penalty by using point sources of 
light (light emitting diodes) mounted on the objects whose positions are to be measured. The sources of light are 
observed by three linear charge coupled devices (CCD) arrays rigidly mounted on a 1.1 -meter sensor bar. Each light 
source is turned on sequentially, so that the CCD's see one source at a time. In this way, no processing is needed to 

10 determine the identity of the point in space. The manufacturer claims up to a 600 Hz positional data rate for this system 
which results in a Nyquist frequency of 300 Hz. At best, this system would provide a closed loop control bandwidth of 
15 to 30 Hz. The claimed accuracy of the system at a distance of 6 meters (19.7 feet) from the sensor bar is approx- 
imately 0.039 inch based on taking the root sum of the squares of the individual errors for each coordinate direction. 
The field of view at that distance is 2.60 x 3.54 meters (8.53 x 1 1 .32 feet), comparable to one face of the cube that the 

15 previously described NIST system measures to an accuracy of 0.0005 inch. Even at a shorter distance of only 2.25 
meters (7.38 ft.) with a reduced field of view of 1 .34 x 1 .26 meters (4.4 x 4.2 feet), the error is approximately 0.008 inch. 

Fundamental Limitations of Optical Imaging Systems 

20 [0016] A fundamental limitation that must be faced by all indirect, optical metrology systems and which must be 
accounted for in any application is the effect of beam spreading due to diffraction. Whether one considers projection 
and focusing of a beam onto a target, or the smallest element that can be resolved by a vision system, they both are 
limited by the laws of diffraction. Basically, the diameter d of the smallest spot that can be resolved by an optical system 
is given approximately by twice the product of the range R and the wavelength of light X divided by the diameter of the 

25 beam projection lens D; i.e., 

d = 2.44^ (1.1) 

30 [0017] For example, a 5 cm. (2-inch) diameter lens focused on an object 1 meter away will only be able to resolve 
0.0025cm. (0.001 inch) when the object is viewed by the red light of a helium-neon laser (0.63 jim). 
[0018] A differentiation can be made between a resolution element as determined by the diffraction limited spot size 
(Equation 1.1) and the resolution as determined by the pixels in a CCD array. If the diffraction spot is'smaller than a 
pixel, then the pixel size determines resolution. If the diffraction spot covers several pixels, then there are image 
35 processing techniques that allow one to determine the position of a high contrast object to less than a diffraction spot 
size. One can see that for a specified resolution, the field of view of the optical system is limited by the total number 
of pixels available on the focal plane detector. CCD arrays, for example, are discrete devices in which each pixel is an 
individual detector mounted on a substrate. The total number of pixels along one direction range is from a few hundred 
to two thousand. Ultimately, the trade-off is between: (1) a limited field of view, with high resolution, and large optics; 
40 and (2) a large field of view, with low resolution, and small optics. 

[0019] The limitations imposed by diffraction effects necessitate mechanical movement of the optical system if a 
combination of high resolution and a large field of regard is desired. However, the movement of a relatively large optical 
system introduces a new set of problems which gives rise to conflicting requirements. For example, the movement of 
a relatively heavy set of components at high speed conflicts with positioning them to microradian accuracies because 
<s the large bearings needed to take the loads will introduce large amounts of rotation axis wobble, etc. An examination 
of existing systems and the components available leads to the conclusion that the designers of these systems have 
already made substantial progress in bringing the system performance close to physical and manufacturing limits. 
Improvements can be made, but it is unlikely that current approaches will lead to truly significant performance increases. 
[0020] In the vast majority of manufacturing operations, the position of a tool with respect to the workpiece is deter- 
so mined indirectly. For example, when using a milling machine, the workpiece is attached to the table. The table, through 
the ways, is attached to the saddle, which is then attached to the knee and column of the machine. The overarm 
extends from the column and supports the tool (cutter). In this situation, setup time is associated with positioning the 
workpiece with respect to the tool. In the machining operation, the bed moves the workpiece and the position of the 
bed is measured. Desired information is the position of the tool with respect to the workpiece. In order for this indirect 
55 method to work, the machine must be built to be extremely rigid. This indirect method of determining the position of 
the tool with respect to the workpiece is known as an open loop control system. 

[0021] In contrast, the structure of a human being is very flexible, yet a person can thread a needle. The difference 
lies in the type of control system used by people. Human vision can determine the position of the needle (the workpiece) 
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and the position of the thread (the tool). The difference between the two positions provides the information needed to 
control the arms to finally thread the needle. If the eyes are closed, the needle cannot be threaded. This generally 
illustrates the advantage of using a closed loop control system. 

[0022] The concept of dynamic rigidity is Illustrated by the following example. By providing feedback through the 
s incorporation of vision, even^an unsteady motion of the hand holding the needle can be compensated by moving the 
other hand to maintain a fixed relationship between the needle and the thread. In mathematical terms, a coordinate 
system is fixed to the workpiece and a fixed position for the tool in that coordinate system is dynamically maintained, 
i.e., the closed loop system can be made dynamically rigid. 

[0023] The tremendous advantage conferred by a closed loop control system is well known, and considerable re- 
10 search has been expended in developing vision systems and other means of providing feedback. A major disadvantage 
of vision systems is that they are computationally intensive and very slow. The maximum closed loop bandwidth of 
such systems is generally less than two Hz. 

[0024] In order to meet the promise inherent in closed loop control for large scale manufacturing processes, the 
metrology system must simultaneously provide 1) high speed, 2) high accuracy, and 3) large operating volume. Pres- 
15 ently available systems can meet one, and perhaps two, of the three requirements. Nothing available in the current 
state of the art can meet all three requirements. 

[0025] It is the purpose of this invention to meet all three requirements, and thereby establish a new enabling tech- 
nology for industrial processes, such as control of flexible structures and intelligent manufacturing processes. Specif- 
ically, the DRMS of the present invention is 20 to 150 times faster than industrial systems employing the current state 

20 of the art, and obtains a closed loop control bandwidth of 300 Hz or higher. For the purpose of this invention, the term 
"large operating volume" is defined to mean a cube 15 feet (-4.6 meters) on edge and the term "high accuracy" is 
defined to mean that each point is designated to an accuracy of 0.001 inches (25.4 jam) within the volume. For a larger 
volume such as a cube 100 feet (~ 30 meters) on edge, the accuracy is reduced to 0,005 through 0,05 cm. (0.002 
through 0.020 inches) based on application and bandwidth requirements. The system is capable of tracking and con- 

25 trolling a tool while it is moving at speeds exceeding 7,62 m. (25 feet) per second: 

[0026] In order to measure the position of a point in space, a coordinate system must first be established. Conven- 
tionally, three elements (workpiece, tool and measuring device) are rigidly attached to this coordinate system. Typically^ 
rigidity is obtained by the use of very stiff and often massive structures to provide isolation from motion imposed by 
external sources, and to fix the relative positions of the three elements. The foregoing approach is hereinafter referred 

30 to as establishing a "global rigidity." 

[0027] Almost all tool positioning and metrology methods rely upon global rigidity. For example, the links on a robot 
and the floor connecting the robot's pedestal to the workpiece provide the elements making up a globally rigid system. 
A large coordinate measuring machine holding the workpiece rigidly to its frame is another example. Methods for 
determining the coordinates of a point can be direct, such as using a tape measure, or indirect, such as the triangulation 

35 methods used by surveyors. 

[0028] As the work volume increases, the maintenance of global rigidity becomes increasingly difficult until the point 
is reached where it is no longer possible to maintain rigidity by mechanical means. Several factors contribute to the 
lack of rigidity of very large structures. The first is related to scale. Deflections over a short distance that result from 
the elasticity of materials are often imperceptible. As the structure increases in scale, the same proportional deflection 

40 becomes much larger on an absolute scale, and then exceeds acceptable limits. A second problem has to do with the 
mass of the structure as the scale increases. The increase in volume, and thus the mass, is proportional to the third 
power of the scale change, while the cross-sectional area increases with the square. Eventually, a point is reached 
where the structure can no longer support itself. 

[0029] Accordingly, an object of the present invention is to provide a coordinate system in space which is rigidly 
45 attached to the workpiece from which high speed, closed loop control of industrial machines and other processes can 
be implemented. For example, in order to machine a very large item such as an aircraft wing section, a massive machine 
is needed to maintain structural rigidity. The machine must be anchored to a stable base such as a large concrete pad 
the size of a swimming pool. As a result, the workpiece must be brought to the machine with the associated loss of 
time due to set up and transportation. With the closed loop control made possible by the DRMS, the workpiece can 
so remain fixed so that light weight machines can be brought to the workplace and immediately be established in the 
workpiece coordinate system. The flexible approach provided by the DRMS accommodates rapid changes in the pro- 
duction process brought about by engineering improvements or by product change. 

[0030] Closed loop feedback will dramatically change the application of robots. Currently, a robot maintains its pre- 
cision by the use of massive structures. Current technology requires that the weight of a robot be about 25 to 40 times 
55 greater than the payload it must carry. By the use of closed loop control, the robot's weight to payload ratio can be 
reduced significantly to as low as two to one. Such capability results in a much more efficient production line that can 
be changed quickly for new products and which can be directly controlled by software. 
[0031] The following goals and objects are additionally provided by the DRMS: 
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1) Establish a workpiece fixed coordinate system in a large volume of space with high accuracy. This coordinate 
system must be referenced to the object being processed (the workpiece). For the DRMS invention, we define a 
large volume as a cube 15 feet (4.6 metres) on edge, in which each point within that volume is designated to an 
accuracy of 0.001 inch. 

s 2) Provide a large field of regard to sequentially control several tools or robots in the work space. 

3) Accommodate a very high bandwidth so that it can both control a tool and negate the effects of vibration in the 
workplace. In this context, we specify a 300 Hz closedloop control bandwidth, which implies a data channel sam- 
pling rate of 5 kHz. This high bandwidth is needed for the dual purpose of controlling light-weight, fastmoving 
machinery, and of providing vibration isolation from the environment. 

10 4) Be portable and not require a rigid structure between it and the workpiece. 

5) Have an acceptable acquisition cost and a low life cycle cost. 

[0032] The combination of high speed, high accuracy and large volume capability embodied in the DRMS facilitates 
a wide range of improvements in manufacturing and additionally enables the development of a new class of machinery 
is and robot. 

SUMMARY OF THE INVENTION 

[0033] According to the present invention there is provided a high bandwidth, dynamically rigid metrology system 
20 for providing realtime control of an optical steering element, the system comprising: 

a tool sensor reference subsystem including a controlled tool for interfacing with the work-piece, a mechanism for 
controlling the position of the controlled tool and a broad area laser beam sensor mounted on the tool adjacent to 
a point of interaction of the tool with the workpiece;two spaced stabilized laser beam directors (SLBD), directing 
25 a tracking laser beam at the broad area laser beam sensor on the tool; 

and a computational subsystem; 

characterised in that the system further comprises: 

30 

a work-piece reference subsystem including a work-piece and at least three fixed broad area laser beam sensors 
fixedly mounted on the work-piece; 

wherein each said SLBD also directs a laser beam at each of the fixed broad area laser beam sensors ; 

35 

said work-piece reference system is adapted to employ the laser beams at each of the fixed broad area laser beam 
sensors to measure motions of the SLBDs relative to the work-piece; 

and said computational subsystem is adapted to employ data indicating the motions of the SLBDs relative to the 
*o work-piece to provide a functional equivalent of a globally rigid system between locally rigid reference sites at the 

work-piece and the SLBDs. 

[0034] In a specific illustrative embodiment of the present invention, a control system for an optical steering element 
in a high bandwidth dynamically rigid metrology system includes a pair of stabilized laser beam directors (SLBD) each 

45 within a locally rigid SLBD coordinate system, a reference subsystem providing a locally rigid workpiece coordinate 
system, and a processor. Each of the SLBDs includes an optical steering element and an axis tilt detector. Each of the 
optical steering elements steers a stabilized beam laser in response to an input signal. The optical steering elements 
of each SLBD include a rotational axis and output error signals associated with a position and orientation of the optical 
steering element relative to its locally rigid SLBD coordinate system. The axis tilt detector of each SLBD provides 

50 signals indicating an angle of tilt and a direction of the rotational axis relative to an initial position of the rotational axis. 
The reference subsystem outputs signals indicating positions of the SLBDs relative to the referenced subsystem. The 
processor processes the signals from the reference subsystem relating the locally rigid SLBD coordinate systems to 
each other and to the locally rigid workpiece coordinate system. The processor additionally processes the error signals 
from the optical steering elements and the angle of tilt and direction signals to generate the input signal for steering 

55 the stabilized beam laser in real time. 

[0035] In a further aspect of the present invention, a high bandwidth, dynamically rigid metrology system for providing 
real time control of an optical steering element includes a pair of stabilized laser beam directors (SLBD), a reference 
subsystem, a tool sensor subsystem, and at least one processor. Each SLBD includes a base, a beam pointing and 
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stabilization apparatus mechanically coupled to the base, three reference beam lasers and a stabilized beam laser 
attached to the base, and a metric structure which is mechanically coupled to the SLBD providing a locally rigid SLBD 
coordinate system. Each beam pointing and stabilization apparatus includes an optical steering element and an axis 
tilt detector. The optical steering element is optically coupled to the stabilized beam laser and steers the stabilized 

s beam laser in response to an input signal. The optical steering element provides error signals associated with a position 
and an orientation of the optical steering element relative to the locally rigid SLBD coordinate system. The optical 
steering element further includes a rotational axis. The axis tilt detector provides signals indicating an angle of tilt and 
a direction of the rotational axis relative to an initial position of the rotational axis. The reference subsystem includes 
three reference detectors fixedly positioned relative to a workpiece providing a locally rigid work-piece coordinate sys- 

10 tern. The three referenced detectors are respectively in optical communication with the three reference beam lasers 
of each of the SLBDs. The reference detectors generate reference detector output signals in response to the reference 
beam lasers. The tool sensor subsystem includes at least one tool sensor detector positioned on a tool and in optical 
communication with the stabilized beam laser. The at least one tool sensor detector generates tool sensor detector 
output signals in response to the stabilized beam laser. The at least one processor-receives and performs coordinate 

15 transforms on the referenced detector output signals and the tool sensor detector output signals to track a position of 
the tool relative to the locally rigid workpiece coordinate system. The at least one processor additionally receives arid 
processes the angle of tilt and direction signals from the axis tilt detector and the error signals from the optical steering 
element to generate the input signal thereby providing real time control of the optical steering elements. 

20 THE DRMS APPROACH 

[0036] The forgoing discussion of a metrology system based on indirect measurement of position illustrated how the 
laws of physics and the limitations of optical/mechanical components impose constraints on the performance of such 
systems. The maintenance of microradian class pointing and alignments between two objects separated by only a few 

25 meters across a room is a daunting task in view of the "flexibility" of most environments. In one experiment, an attempt 
to maintain a 1 ^radian alignment of a fixed beam across a basement laboratory with a concrete floor was unsuccessful. 
The beam was thrown out of alignment simply by the laboratory workers standing in different places in the room. The 
problem was solved by marking each place on the floor where each person stood during a measurement. For large 
production line machines, it may be necessary to dig a hole as large as a swimming pool, and fill it with concrete in 

30 order to obtain the needed rigidity. The cost of establishing a rigid base is often as great as the cost of the production 
machine. The need for mechanical rigidity also has a long term cost in inefficiency. As production needs change, the 
machine cannot be moved to optimize the production process. 

10037] The basic principles upon which the present invention is based are set forth below. The term "workpiece" 
includes the item being manufactured and any cradles or jigs used to support the item being manufactured. 

35 

1) Global rigidity is impossible over large distances, therefore it is desirable to design a system in such a way that 
global rigidity is not needed. 

2) The workpiece establishes the coordinate system which leads to the concept of local rigidity associated with 
the workpiece. 

40 3) All other parts of the system track the work-piece, and the displacements/rotations of other system components 

are treated as offsets from the workpiece based, locally rigid coordinate system. 

4) Appropriate local references are built into the system so that local deviations from ideal are detected and actively 
corrected. 

5) Where possible, a single subsystem should not, but may, be designed to operate over the full frequency band. 
45 Large motions, for example, are usually low frequency. High frequency motions require high accelerations, but 

have small amplitudes. 

6) The system is assembled from components in volume production, possibly using the components in ways never 
intended by the manufacturer. 

so Principles of a Dynamically Rigid Metrology System. 

[0038] FIG. 1 shows the workpiece, two stabilized laser beam directors (SLBD) which are located just outside the 
work volume and a robot. The DRMS which controls the robot normally consists of two SLBDs, three or more reference 
detector assemblies, a tool sensor, calibration and setup tools, and associated software. As used here, the term "work- 
55 piece" includes the item being manufactured and any cradles or jigs used to support the item being manufactured. 
Three reference detector assemblies designated A, B, and C are positioned on the workpiece. Two vectors, one drawn 
from A to B, and the other from A to C, define two of the basis vectors for the coordinate system. The third vector is 
determined by the vector normal to the plane defined by the previous two vectors. The only mechanical rigidity required 
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is that associated with the workpiece. The two independent baselines establish a metric for the coordinate system to 
be associated with the workpiece and an orientation with respect to the workpiece. Sinfce orientation is not associated 
with the gravity vector, the same system can be used for metrology in space. 

[0039] The SLBDs each project four laser beams. Three of the beams, called the reference beams, are fixed with 
5 respect to the body of the SLBD, and are projected onto the reference detector assemblies. The fourth beam, called 
the stabilized beam, can be directed in azimuth and elevation to establish a line of sight through the desired point in 
space. Each reference detector assembly consists of one or more photo detector which can measure the position of 
the reference beams on the detector surface to accuracies of 254nm. (10 microinches). The location of the three fixed 
beams on the reference detectors then provides information concerning the position and orientation of the SLBD with 
10 respect to the workpiece. Relative motion, both in translation and rotation, between the SLBD and the workpiece is 
continually measured to provide real-time azimuth and elevation corrections to the stabilized beam, thereby maintaining 
the line of sight through the designated point in the workpiece coordinate system. 

[0040] The need for global rigidity is eliminated by continually measuring the position and orientation of the SLBDs 
with respect to the workpiece. Thus the first principle is satisfied by establishing a virtual baseline between the SLBD's. 
15 The three reference detector assemblies on the workpiece establish the coordinate system, thereby satisfying the 
second principle of local rigidity. Finally, the third principle is satisfied by dynamically offsetting the stabilized beams 
from the workpiece to continuously establish the point of intersection with respect to the workpiece. The fourth through 
sixth principles will be illustrated as we discuss the detailed embodiment of the SLBD's. 

[0041] We separate the large, low-frequency angular excursions from the small, high-frequency angular deviations 
20 by using the equivalent of two gimbals for each rotational axis. The gimbal producing the large field of regard will be 
referred to as the large angle driver. The equivalent of the second gimbal will be referred to as the high speed beam 
deflector, and it produces the high bandwidth, limited field-of-view angular deflection of the stabilized laser beam. The 
large angle driver mechanically rotates to bring the desired point in space within the field of view of the high speed 
beam deflector. An incremental optical encoder is used to accurately determine where the large angle driver is pointing. 
25 Some manufacturers of encoders use the identical manufacturing process for both their incremental encoder disks 
and for large absolute angular encoders. Hence, the edge transition of each step in the incremental encoder is known 
to sub-microradian accuracy. It is also possible to obtain a sinusoidal electrical signal from the encoder, such that the 
zero crossing of the sinusoid corresponds precisely to the edge transition. 

[0042] In operating the large angle driver, a DC servo motor is used to position the mechanical assembly at a des- 
30 ignated zero crossing. There will be some error in the positioning, and the servo system will continually hunt about the 
zero crossing. For angles close to the edge transition, the electrical output of the encoder is a linear function of angle. 
In this way an error signal is produced that can be used to drive the high speed beam deflector, and correct for the 
random motion of the large angle driver. Commercially available incremental encoders can divide a circle into 618.4 
^radians steps with sub-microradian accuracy. 
35 [0043] The high speed beam deflectors are made up of two Bragg cells (acousto-optical deflectors), one for each 
axis of rotation. The preferred Bragg cells can deflect a beam over a 5.231 milliradian range and contain no moving 
parts. The frequency response of the Bragg cell is in the megahertz range and can easily compensate for any possible 
mechanical motion. The deflection of a beam passing through the cell is controlled by the frequency of an ultrasonic 
wave propagating within a transparent solid. In effect, the acoustic wave generates a diffraction grating within the solid, 
40 and the beam deflection angle becomes a function of the wavelength of the light beam and of the grating spacing as 
established by the acoustic wave. By changing the frequency of the acoustic wave, the deflection angle of the beam 
is changed. 

[0044] By using a Bragg cell, a difficult mechanical measurement of angle is transformed to a much simpler meas- 
urement of frequency. Bragg cells are commercial production items used in a wide variety of applications such as laser 

45 modulators and laser beam deflectors (Isomet model 1205C-2). 

[0045] A key principle and advantageous feature of the present invention is the accurate measurement of errors from 
less precise industrial grade components, and correcting those errors through computation and control of the stabilized 
beam. As alluded to earlier, one of the error sources is the wobble of the rotational axis of any mechanical system 
rotating on bearings. Although an air bearing would solve the axis wobble problem directly, it is neither a low cost or 

50 easily implemented solution for all applications. According to the present invention, a means is provided for measuring 
the tilt of the axis as rotation occurs, and the measured tilt information is used to control the frequencies driving the 
two Bragg cells, thereby changing the azimuth and elevation of the stabilized beam so as to correct for the axis tilt. 
[0046] Even the use of ABEC Class 9 (the most precise class available) mechanical bearings will result in a 25 
microradian wobble in this application. Therefore, cost savings may be achieved by using readily available, less precise 

55 bearings such as ABEC Class 5. A measurement of axis tilt is made and then corrected by feeding the error signal to 
the inner gimbals. 

[0047] As shown in FIG. 5, an optical flat may be used as a reference plane to measure tilt in real time. The surface 
of the flat is coated with aluminum, and such an item is normally sold as a mirror. The surface of the mirror is flat to 
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one twentieth the wavelength of light (1.25 microinches) and makes an extremely precise reference plane. Attached 
to the rotating part of the system are three conducting probes about one half inch in diameter, and these are spaced 
a few thousands of an inch from the mirror surface. The three probes establish a plane fixed to the rotating part of the 
outer gimbal. The mirror is one plate of an electrical capacitor, and each probe is the other plate. The distance of each 
5 probe from the mirror surface can be determined by measuring the capacitance between the probe and the mirror. 

DESCRIPTION OF THE DRAWINGS 

[0048] Other objects, features and advantages of the invention will become readily apparent upon reference to the 
10 following detailed description when considered in conjunction with the accompanying drawings, in which like reference 
numerals designate like parts throughout the figures thereof, and wherein: 

FIG. 1 is a perspective view of the DRMS and a workpiece; 

FIG. 2 is an exploded view of the azimuth and elevation drives and support component portions of the DRMS; 
15 FIG. 3 shows the system architecture of the DRMS; 

FIG. 4 details the control of a single axis of the stabilized beam director; 
FIG. 5 is a perspective view of the reference plane of the DRMS; 

FIG. 6 is an electrical schematic of a circuit for measuring the distance between an electrode and a mirror surface; 
FIG. 7 is a cross-sectional side view the acoustooptical deflector, beam expander and focusing lens; and 
20 FIG. 8 illustrates a vector analog of a tetrahedron of a calibration subsystem. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS SUBSYSTEMS 

[0049] A preferred embodiment of the DRMS consists of five major subsystems: 

25 

1. the stabilized laser beam director (SLBD); 

2. the workpiece reference subsystem; 

3. the tool sensor subsystem; 

4. the calibration subsystem; and 
30 5. the computational subsystem. 

[0050] It should be appreciated that embodiments of DRMS can be application specific. The embodiment given in 
this disclosure meets the majority of applications requiring large volume, high speed, precise metrology, and provides 
the control bandwidth for closed loop control applications in most industrial environments. Performance trade-offs can 
35 be made within the bounds of this disclosure such that one skilled in the art can easily optimize the total system for 
special applications. 

[0051] The preferred embodiment described herein is based on a design requirement to point and stabilize two laser 
beams to an angular accuracy of five microradians with respect to a workpiece. This level of angular accuracy will 
enable one to designate any point within a cube 1 5 feet on edge to an accuracy of approximately 25,4 fim (0.001 inches). 
40 [0052] The function of each major subsystem will be described first, in general terms, with more detailed descriptions 
following thereafter. 

STABILIZED LASER BEAM DIRECTOR 

45 [0053] A key subsystem of the DRMS 50 is the stabilized laser beam director (SLBD) 52, the use of which is illustrated 
in FIG. 1 . The SLBD 52 provides at least four laser beams which consist of three reference beams 54 and one stabilized 
beam 56. Once the system is set up, the three reference beams 54 remain fixed and the stabilized beam 56 is directed 
to a point in space that generally changes with time. The SLBD 52 itself is comprised of several major functional units. 
These include: 

so 

1. beam pointing and stabilization; 

2. the base; - 

3. the metric structure; and 

4. the azimuth table. 

55 

Beam pointing and stabilization. 

[0054] Beam pointing and stabilization encompasses three functions embodied by: (1) the large angle drive; (2) the 
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high speed beam deflector; and (3) the axis tilt detector These functions are controlled by the computational subsystem 
in such a way so as to produce the required pointing direction and beam stabilization. 

Large angle driver. 



[0055] The large angle driver allows high speed, precision sluing over a large field of regard including a full 360° 
circle. A slew rate of 100°/second and accelerations of 100°/sec 2 are easily attainable and can be exceeded by simply 
using a higher torque DC servo motor. A conventional state of the art device is the Newport Corporation Model 
PM500-360R Ultra-precision rotation stage which has an angular resolution of approximately 3 jxradians and an ab- 
10 solute accuracy of ±100 Radians. In comparison, the DRMS large angle drive attains accuracies 1 ,000 to 10,000 times 
greater, and the total beam stabilization system obtains resolutions 100 times better. 

High speed beam deflector. 

15 [0056] The high speed beam deflector can have an angular range as large as approximately 50 milliradians (2.87°). 
Since it consists of an acousto-optical deflector (Bragg cell), it has no moving parts and is capable of frequency band- 
widths into the Megahertz regime. In the DRMS application, it can produce angular rates exceeding 10,000°/sec, and 
beam deflection accuracies of 0.01 ^radians. 

20 Axis tilt detector. 

[0057] The assembly of a rotating mechanical system in which the axis of rotation does not wobble is very difficult. 
Precision rotating tables typically have an axis wobble ranging from approximately 5 ^radians to 20 ^radians. A large 
fraction of the cost of these devices is incurred in producing the necessary mechanical precision to reduce axis wobble 
25 to the tolerances stated. The approach used in this disclosure does not require high precision mechanical components 
to reduce wobble to less than one microradian. The reason is that all tilt is referenced to a high precision optical 
component which is readily available and has relatively low cost. 



[0058] The primary function of the base is to provide the necessary mechanical support for the SLBD and provide 
the means for mounting the SLBD at a desired location. The base provides mechanical support for the heavier com- 
ponents thereby relieving the metric structure of that task. The base also provides the means to keep major sources 
of heat away from the more critical parts of the SLBD. The major heat sources are the large angle drive servo motor 
for azimuth and the four lasers used for the stabilize beam and for the three reference beams. 

Metric structure 

[0059] The primary purpose of the metric structure is to provide a rigid, temperature insensitive, mechanical support 
for the reference beam projectors, the azimuth axis tilt reference plane, and support for the azimuth table. The metric 
structure provides a local rigidity for the SLBD and ties the reference beams to the stabilized beam. 



45 [0060] The azimuth table is the part of the SLBD that is directly driven by the azimuth servo motor. Mounted on the 
azimuth table are the large angle driver in elevation and the optical bench. The high speed beam deflectors for both 
azimuth and elevation are mounted on the optical bench and form a part of the optical system that projects the stabilized 
beam into the work space. 

50 REFERENCE SUBSYSTEM 

[0061] The reference subsystem provides a local rigidity at the workpiece. For example, the reference subsystem 
may consist of three photodetectors mounted on the vertices of a triangle. The photo detectors may be mounted on 
the workpiece itself, provided that the workpiece is rigid enough. Otherwise, the photodetectors are mounted on a jig 
55 holding the workpiece. Note that if one wishes to measure an object very accurately, the object itself must be sufficiently 
rigid to maintain a stable dimension that is at least as accurate as the measurement being attempted. The dimensions 
of a cube of gelatin dessert such as the food article known under the tradename Jell-O cannot be measured to 25,4 
jim (0.001 inches) 



5 



Base 



30 
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[0062] The reference photodetectors selected should be able to resolve extremely small motions of the reference 
beams, are essentially free from drift, and have a high frequency response. Special precautions have to be taken to 
minimize or eliminate drift. Methods for doing this are discussed below. 

5 TOOL SENSOR SUBSYSTEM 

[0063] The specific design of the tool sensor is highly dependent on application. As may be readily appreciated, 
applications can vary from the one shown in FIG. 1 where a "robot sensor" is used to control the robot, to the direct 
control of a machine tool used in very large manufacturing processes such as the machining of a wing spar on a large 
10 transport category aircraft. Other metrology applications include but are not limited to: 

(1) attaching the tool sensor to a probe for measuring the as built configuration of a manufactured product, similar 
in use to a coordinate measuring machine, but without the high cost and massive structure; 

(2) using the tool sensor to determine the location of an electric field probe for calibrating large radar antennas; 
15 (3) measuring the as built configuration of sections of ship hulls, and providing a virtual template for pipe fitting 

within a ship; and 

(4) eliminating the need for templates. 

[0064] Accordingly, diverse applications of the design principles disclosed herein are contemplated as being within 
20 the scope of the present invention. 

CALIBRATION SUBSYSTEM 

[0065] The calibration subsystem is used in the initial setup of the DRMS. The calibration subsystem consists of a 
25 tetrahedron with a photosensitive detector at-each vertex and the necessary communications to interface with the rest 
of the DRMS system. Employment of the tetrahedron allows the DRMS to be made traceable to National Institute of 
Standards and Technology length standards. The technique utilized by the calibration subsystem is based on a process 
known in the surveying profession as tacheometry and is used to determine the exact orientation of each of the SLBDs 
and the length of the virtual baseline between them. 

30 

COMPUTATIONAL SUBSYSTEM 

[0066] Much of the computational workload in the DRMS consists of high speed signal processing of coordinate 
transformations, and error correcting routines. Much of this type of computation can be accomplished by distributed 

35 processing utilizing specialized digital signal processing hardware such as the Motorola DSP56000 series. The utili- 
zation of specialized processors allows general purpose computers, such as personal computers and workstations, to 
be used for executive control of the whole DRMS system and for user interface. An example of the type of calculation 
amenable to distributed processing is the axis tilt correction used to determine the axis wobble in the SLBD. Further- 
more, the nature of the computations permit a hierarchical control structure which allows easy implementation into 

<o standard architectures such as the NASA/NBS Standard Reference Model for Telerobot Control System Architecture 
(NASREM). 

STABILIZED LASER BEAM DIRECTOR 

45 [0067] The SLBD 52 is now described in greater detail with reference to FIG. 2. A base 10 directly supports a metric 
structure 20. An azimuth table 30 holds an elevation cylinder support 40 and an elevation tilt reference/elevation en- 
coder support 36. 

Base 

50 

[0068] Within the base 10 are located an azimuth drive DC servo motor 11, an incremental encoder 12 and lasers 
1 3 for the reference and stabilized beams 54, 56. The base 1 0 itself should be made from aluminum to provide a means 
of taking away the heat generated by the lasers 13, the DC servo motor 11 and the encoder electronics. The largest 
moments of inertia are associated with rotation about the azimuth axis, therefore a direct drive shaft 14 to the azimuth 
55 table 30 as shown in FIG. 2 is used to transfer the torque from the DC servo motor. The same drive shaft is directly 
connected to the encoder 12 so as to avoid backlash and other error sources. A wide variety of DC servomotors (i.e., 
Model BMHS-3501) and their controllers are manufactured by Inland Motors Corp. as well as other manufacturers. 
The controllers can be purchased to be compatible with the IBM personal computer bus as well as the Apple Computer 
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busses and the VME busses used on work stations. The controllers accept direct commands from the computers, 
accept the encoder inputs as well as the encoder error signals and velocity feedback signals, and will apply any ac- 
celeration profile commanded by the computer that is within the current drive capability of the servo amplifiers and the 
torque producing capability of the motor. 

5 [0069] In addition to the directly coupled drive discussed above, a speed reducing arrangement can be used to 
couple between the motor and other parts of the mechanism. Normally, a speed reducer could not be used for this 
application in which submicroradian accuracy is required. The backlash and cogging normally associated with a speed 
reducer would be unacceptable and could lead to instabilities in the control system. However, there is a patented device 
that can be used in this application in which the transfer of torque is both smooth and without backlash. The device is 

10 called a "Rotolok" and is manufactured by Sagebrush Technology in Albuquerque, New Mexico. 

[0070] A device that reduces rotational speed by a factor of N also reduces the dynamic moment of inertia attached 
to the low speed shaft by a factor of N 2 . The present invention exploits this fact to reduce the size of an elevation drive 
motor 31 that is mounted on the azimuth table 30. Since the DC servo motor is the most massive element in the system, 
a reduction in its size can decrease the moments of inertia significantly. Some applications may have other criteria and 

is the utilization of Rotolok and much smaller servo motors for both drives may be more important than cost. However, 
the Rotolok does not have to be used with the azimuth drive motor 11 if reduced cost is an important consideration. 

Lasers and internal beam transport. 

20 [0071] The lasers 1 3 shown schematically in FIG. 2 can be of any convenient wavelength. In a preferred embodiment, 
the lasers 13 comprise solid state diode lasers which are available in both the visible and near infrared wavelengths. 
The lasers 1 3 are mounted internally to the body of the SLBD 52 for convenience only, and in practice could be mounted 
externally. Furthermore, different types of lasers 13 such as a helium-neon laser could be used. It has been observed 
that control of the laser optical mode is critical. More specifically, the laser should be operated in single mode and in 

25 the TEM^o mode independent of the type of laser chosen. If the laser optical mode is not controlled, mode hopping will 
introduce large, uncontrolled errors which are caused by angular shifts of the optical axis and temporal variations in 
the beam intensity profile and in the ability to focus the beam. Single mode lasers are commercially available. A pre- 
ferred single mode diode laser is the Melles Griot model 06DLL1 07 laser head which not only contains the single mode 
diode laser, but also includes the built in optics necessary to produce an outgoing beam that is both circular and 

30 collimated. 

[0072] A preferred means of transporting the laser beam to the stabilized beam or the reference beam projectors is 
with single mode fiber optics. Use of the fiber allows the beam to be routed through the mechanical part of the system 
without interference. A characteristic of single mode fibers is that they do not change the mode of the propagating 
beam, an event that often occurs with regular fiber optics when they are bent and routed around obstacles. A preferred 

35 commercially available single mode fiber optic for this application is the Spectran Type SMC-AO820B. 

[0073] As shown in FIG. 1 , after each of the beams leaves the single mode fiber optic, they are ultimately projected 
onto reference detectors 58 or onto a tool sensor 60. Before the beams can leave the SLBD 52, they must be expanded 
from the less than 0.1 mm diameter used internally within the SLBD to the 1cm or larger diameter needed at the final 
projection optics in order to have a sufficiently small focal spot at the sensors. Beam expansion can be accomplished 

40 either by allowing the normal diffraction spreading of the beam over a long internal propagation path and utilizing a 
large f-number lens to project the beam. Alternatively and as shown in FIG. 7, a beam expander which consists basically 
of a negative lens 72 followed by a positive lens 74 can be used. Beam expanders are standard stock items which are 
available from a number of optical supply vendors. In general, a commercial beam expander is adequate for use with 
the reference beam projectors, but its use needs to be considered carefully in the projection of the stabilized beam 56. 

45 The trade - offs between the two methods of beam expansion will be further discussed in the section on the high speed 
beam deflector. Further discussion of beam propagation issues common to the three reference beams and the stabilized 
beams is deferred to a later section on optical propagation. 

Metric structure 

so 

[0074] The metric structure 20 integrates the key elements of the SLBD 52 in that it provides the local rigidity needed 
to bring the reference beams 54 and the stabilized beam 56 to the same local coordinate system. Through the local 
rigidity in the metric structure 20, the local rigidity in the reference subsystem and the optical coupling between the 
locally rigid coordinate systems, a global coordinate system attached to the workpiece is established. The details of 
55 the metric structure 20 and its major components are discussed below with reference to. FIG. 2. 

[0075] The prirhary purpose of the metric support structure 20 is to assure that there is no relative motion between 
an azimuth tilt reference plane 22 and reference beams projection optics 21 . The metric support structure 20 and the 
azimuth tilt reference plane 22 are preferably made of materials with a zero coefficient of thermal expansion. For 
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example, the metric support structure 20 could be manufactured from carbon epoxy composite with the carbon fibers 
in each layer oriented so as to prevent dimensional changes with temperature change. Another advantage of carbon 
epoxy is that it is very light, yet has a much higher Young's modulus than steel. In certain environments, It may be more 
advantageous to use invar instead of carbon epoxy composite. Invar is a steel ailoy that also has zero thermal expansion 
with temperature change. The mirror substrate 22 is preferably made of either cervit or of fused silica, but not glass. 
The reference beam expanders 21 and their mounting gimbals (not shown) are readily available commercial items and 
do not require extremely high precision since they remain in a fixed position once they are set up. 
[0076] The metric structure 20 also provides mechanical support for the azimuth table 30, which is driven by the 
azimuth servo motor 11 through the azimuth servo motor drive shaft 14. The azimuth table 30 provides the direct 
mechanical support for the elevation drive system, and provides the large angular coverage in azimuth for the stabilized 
beam 56. 

[0077] The position of the azimuth table 30 in terms of angle, translation, and tilt, is not controlled to the same level 
of accuracy as is required for the overall system. Instead, the errors associated with the position and orientation of the 
azimuth table with respect to the metric structure are measured extremely accurately, and the necessary corrections 
are made through the computational subsystem to correct the angle of the stabilized beam 56 so that its optical axis 
goes through the desired point in space. 

[0078] The azimuth table 30 is directly attached to an azimuth table drive fixture 24 which is an annular structure 
that serves multiple purposes. First, the azimuth table drive fixture 24 directly supports the azimuth table. Its lower, 
outer edge directly mates to the inner race of an azimuth table support bearing 26. The lower surface attaches directly 
to an azimuth shear web 25. Finally, the embodiment shown in FIG. 2 includes four capacitor probes 23 which are 
mounted to the azimuth table drive fixture 24 such that the spacing between the ends of the probes 23 and the reference 
surface 22 is approximately 50.8 yjn (0.002 inches). As may be readily appreciated, the number of capacitor probes 
23 may vary; for example, six capacitor probes 23 may alternatively be employed thereby increasing the statistical 
accuracy of the measurement. However, a minimum of three capacitor probes 23 must be employed. 
[0079] The azimuth table support bearing 26 is preferably an ABEC class 5 ball bearing. The inner diameter is 4.5 
inches so as to provide the necessary clearance for the azimuth table drive fixture 24, which is approximately 10cm. 
(4 inches)in diameter. These dimensions are established by the reference plane 22 which is nominally 4 inches in 
diameter. 

[0080] The azimuth shear web coupling flexure 25 is designed to minimize the side forces and twisting torques that 
would cause binding and distortion of the azimuth table 30 as a result of misalignment between the fixture 24 and the 
drive shaft 14. The flexure 25 consists of three major parts, a shear web and two center clamping hubs (not shown). 
The shear web is made of 127pjn (0.005 inch) thick stainless steel shim stock. Small holes on the periphery of the 
shear web are clearance holes for bolts that fasten the shear web to the drive fixture 24. Larger holes are provided as 
clearance holes for the capacitor probes 23. The hubs clamp the center of the shear web between them. The drive 
shaft 14 couples directly to the bottom hub. As a result of the spacing between the hubs and periphery where the shear 
web is clamped to the drive fixture 24, the flexure 25 is extremely compliant to angular misalignment, yet is extremely 
stiff to torques about the rotational axis. 

[0081] Typically, misalignments are accounted for by utilizing a bellows between two shafts. The bellows is usually 
only slightly larger in diameter than the shafts being coupled and therefore must necessarily be stiff in bending if it is 
to be adequately stiff in rotation. By utilizing the concept of a shear web, the metrology system of the present invention 
takes advantage of the fact that stiffness to torques increases with the fourth power of the radius. In this manner 
extremely high stiffness to rotational forces is attained because of the large diameter of the shear web, yet the flexure 
is totally compliant to bending, therefore producing no unwanted side forces and torques. Two additional shear webs 
33, 34 are associated with the elevation drive portion of the SLBD 52, and work on the same principle. 
[0082] A detailed discussion of the reference plane is deferred to the section on beam pointing and stabilization. 

Azimuth table and elevation drive 

[0083] The azimuth table 30 is the component that is directly referenced to the metric structure 20 and becomes the 
intermediate reference for the rest of the system. The reference is transferred through the rigid elevation cylinder 
supports 40 and the elevation tilt reference/ elevation encoder support 36. Rotation in the elevation axis is accomplished 
with an elevation cylinder 41 which rotates on three elevation cylinder support bearings 43 which are mounted in each 
of the supports 40. The top bearing in each support 40 is spring loaded to provide a preload against the other two 
bearings. If the inner bore of the bearings is 2,54cm (one inch) or less, then the total translational error of the elevation 
cylinder 41 can be kept to less than 5 ^m (0.0002 inches) with ABEC class 5 bearings. The elevation cylinder 41 
internally houses the optical bench and the beam projection optics (not shown) as well as azimuth and elevation Bragg 
cells 42. A cylindrical geometry for the elevation cylinder is chosen because this geometry combines rigidity with light 
weight. The elevation cylinder 41 is rotated by the elevation servo motor 31. The torque from the motor is transferred 
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through a Rotolok 32 to the elevation cylinder 41 through the elevation servo drive shear web coupling fixture 33. Note 
. that shear web coupling fixtures 33, 34 fasten directly to the elevation cylinder 41. 
[0084] By using the Rotolok 32, a much smaller servo motor 31 can be used. The mass of the motor is substantially 
reduced, and, in addition, the motor can be placed under the elevation cylinder 41 in such a way as to minimize the 
5 moments of inertia about the azimuth axis. In so doing, the size of the azimuth drive motor 11 is reduced and the 
mechanical responsiveness of total azimuth drive system is increased. 

[0085] An elevation encoder 35 is mounted to the elevation tilt reference/elevation encoder support 36 and is coupled 
to the elevation drive cylinder 41 through the elevation encoder shear web coupling fixture 34. This particular config- 
uration requires a hole through an elevation tilt reference plane 37. An alternate configuration would be to mount the 
10 encoder 35 directly to the shaft of the servo drive motor 31. However, if this latter configuration is chosen, one can 
assume that the gearing through the Rotolok 32 is effectively perfect. The elevation tilt reference plane 37 mounts 
directly to the elevation tilt reference/elevation encoder support 36 and is identical to the corresponding azimuth ref- 
erence plane 22. Six capacitor probes 38 are mounted directly to the elevation cylinder and should be adjusted for a 
gap of approximately 0.002 inches with respect to the surface of the elevation tilt reference plane 37. 
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Beam pointing and stabilization 



[0086] The elements needed for beam pointing and stabilization are identical for both the azimuth and the elevation 
axes. Therefore, in the following description, no attempt will be made to differentiate between the two axes, even though 

20 the embodiments for each axis may differ in some minor details. 

[0087] Given that it is difficult, and therefore expensive, to construct a nearly perfect mechanically rotating device to 
point the beam over a large field of regard, such a device still would not have the necessary bandwidth to meet the 
DRMS requirements. An air bearing does approach that degree of perfection, but would not be capable of performing 
the high speed control and vibration rejection. 

25 [0088] In describing the beam pointing and stabilization mechanism, recall that the necessary measurements have 
been made by the reference subsystem and the mathematical transformations have been made by the computational 
subsystem, so that the precise angle at which the stabilized laser beam must leave the SLBD 52 has been determined. 
The means for accomplishing this are described in the following sections. 

[0089] The three elements that provide the beam pointing and stabilization are (1) the large angle drivers, (2) the 
30 high speed beam deflectors, and (3) axis tilt detectors. 

Large angle driver 

[0090] The large angle driver refers to the combination of the DC servo motor 11, the incremental encoder 12, and 
35 the azimuth table/elevation cylinder. It should be noted that incremental encoders normally do not provide information 
as to the absolute angular orientation of the encoder disk. Instead, there Is defined a "home" position from which one 
starts counting zero crossing or pulses, depending on the designed electrical signal output of the encoder. In this 
embodiment, a sinusoidal electrical output is used and zero crossings counted. Thus, in practice, when the system is 
started up, the large angle driver would be commanded to the home position to establish its absolute orientation, and 
40 then zero crossings would be counted to determine angular displacement from the home position. The servo motor 
controller is actually commanded to move the motor a given number of zero crossings rather than through an angle. 
The controller also stores the current number of pulses displaced from the home position, so that it is not necessary 
to return to home every time a new angular position is desired. So once the desired angle is determined (which can 
happen several thousand times per second), the servo motor is commanded to rotate a certain number of zero crossings 
45 so as to mechanically move the whole assembly to point within the angular range of the high speed beam deflector 
Bragg cell 42. 

[0091] A preferred encoder is a BEI model L25 incremental encoder with a sinusoidal quadrature output. This encoder 
is capable of dividing the circle into 10,160 increments to an accuracy of a fraction of a jiradian. Therefore, the angular 
distance between each zero crossing is 618.4 pxadians. Since the Bragg cell 42 is capable of deflecting the stabilized 
50 laser beam 56 over an angular range of 5 to 50 milliradians (depending on model), there is ample overlap between 
the range of the Bragg cell 42 and the steps of the encoder. 

[0092] Once the desired zero crossing has been determined and the motor driven to that position, the controller tries 
to keep the large angle driver mechanical assembly in that position. In reality, no servo system can maintain an exact 
position, and the mechanism will be constantly oscillating about the zero crossing, as the control system hunts for the 
55 desired position. Since the output of the encoder is sinusoidal, it can be demonstrated through a Taylor series expansion 
of the sine function that the electrical output of the encoder will be a linear function of the angular error over some 
range of angular oscillation. A simple calculation will show that for an angular oscillation of ±15 ^radians the error 
incurred by assuming a linear output with angle is less than 0.075 pxadians. Thus, the error signal can be used to drive 
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the Bragg cells 42 so as to correct for the mechanical pointing error. 

[0093] The largest error from the encoder results from the fact that the two quadrature outputs are not exactly 90° 
apart. However this is a fixed bias which can be measured and then removed through calculation. In summary, the 
large angle driver positions the mechanical assembly within the angular range of the high speed beam deflectors, and 
5 . provides a time varying angular error signal to allow the position of the stabilized beam to be corrected for the large 
angle driver motion. 

Axis tilt detector. 

10 [0094] The principle of the axis tilt detector is pictorially illustrated in FIG. 5. As a preliminary matter, it should be 
noted that an optical flat 80 is typically polished to a flatness of one tenth to one twentieth of a wavelength of light. For 
use in the visible spectrum, the 0.63 pm line from a helium-neon laser is normally used as a reference wavelength. A 
four inch diameter optical flat is adequate for this application, with such optical flats being readily available as a catalog 
item. The flatness specification normally does not apply to the region near the edge, therefore the probes should not 

15 be placed too close to the edge. In general, the surface within a 1.75 in radius from the center will meet the flatness 
specification. If the optical flat 80 is coated with a thin layer of aluminum 82, it now has a conductive coating that can 
be used as one plate of a capacitor. When the flat is coated in this way, it is normally sold as a mirror. 
[0095] The illustration in FIG. 5 shows three electrodes 84. If we consider the center of the bottom surface of each 
electrode as a defined point, then the three points define two intersecting straight lines, or vectors a and b. These, 

20 vectors in turn, define an electrode plane. By knowing the distance of each electrode 84 from the surface of the mirror, 
both the displacement of the electrode plane from the mirror surface and the precise orientation of the electrode plane 
with respect to the mirror can be determined. The orientation of the electrode plane is a direct measurement of the 
axis tilt. In the embodiment illustrated in FIG. 2, six electrodes 84 are used rather than three. This is done in order to 
increase the statistical precision of the measurement by increasing the number of independent measurements. 

25 [0096] The surface of each electrode 84 is a conducting surface, therefore the electrode surface and the mirror 
surface together form an electrical capacitor. The distance between electrode and mirror can be determined by meas- 
uring the electrical capacitance between the mirror 82 and the electrode 84. The capacitance between two conducting 
surfaces is given by the following equation: 



30 




(2.1) 



where S.I. units are used and e 0 is the permitivity of free space and is equal to 8.854x10* 12 farads/meter, A is the area 
of the probe electrode and x is the distance between the electrode surface and the mirror surface. The preferred 
35 electrical circuit is shown in FIG. 6. The reason that a capacitor 90 is included in the operational amplifier feedback 
loop is that the amplifier output is a linear function of the spacing between the electrode 84 and the mirror 82 in this 
circuit configuration. The disadvantage of this circuit is that neither terminal of the capacitor can be grounded. Accord- 
ingly, precautions must be taken in construction to avoid unwanted electrical noise. 

[0097] The following circuit parameters are preferred. An electrode diameter of 1 cm with an initial spacing of 0.002 
<o inches between the electrode 84 and the mirror surface 82 should be employed. If the value of the resistance R is one 
kft and the frequency of the input voltage is 50 kHz at one volt, then this circuit would provide approximately a 40 
millivolt change in output for a 0.1 ^radian change in tilt angle. 

•t 

Derivation of equations. 

45 

[0098] The three probes establish a plane. One probe is designated the origin, and two basis vectors are directed 
from the origin to each of the other two probes. The procedure for measuring tilt, or wobble, is to first establish a vector 
normal to the plane of the two basis vectors. At the same time, the distance of the probes from the reference plane is 
measured. These initial distances, which are of the order of 50 pm from the reference plane, establish the initial tilt 
so angle with respect to the reference plane. All subsequent tilts due to the bearing wobble are reference to this initial tilt 
vector. 

[0099] The three points directly below the center of the each probe are designated as the three points in the reference 
plane that establish the basis vectors in the reference plane. The basis vectors in the reference plane are designated 
as a and b, with the bold letters indicating a vector quantity. The scalar components of a arid b are [a 1f a 2 , 0] and [b 1f 
55 b 2 , 0], respectively. Only vector operations are used to determine the angle of tilt and its direction. In this way, the result 
is independent of the coordinate system. Furthermore, there is no need for the basis vectors to be orthogonal to one 
another. 

[0100] A vector c is established perpendicular to a and b by taking the cross product of a and b, thus c is equal to 
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c = axb = [a 2 b 3 - a 3 b 2 , a 3 b n - a^b 3f a A b 2 - a^] (2.2) 

[0101] Since a and b are in the reference plane, they will have no component in the 3-direction, therefore a 3 = b 3 = 
5 0, and 

c = [0,0, a 1 b 2 -a 2 b 1 ] (2.3) 
10 [0102] Let 5a = [0, 0, 633] and 5b = [0, 0, SbJ, then the new tilted basis vectors are 

a'= a + 5a and b'= b + 5b. (2.4) 
15 [0103] These establish a new normal c* given by 

c* = (a + 6a)x(b + 5b) = axb + ax5b + 5axb + SaxSb (2.5) 

20 [0104] Since 6a and 5b are parallel, their cross product is zero, therefore 

c' = (a + 6a)x(b + 6b) = c + ax 5b + 6axb (2.6) 

25 [0105] Equation (2.5) shows that c' is equal to the vector c and two components which are in the reference plane 
since 5a and 5b are perpendicular to the reference plane. These other two components are the projection of the vector 
c onto the reference plane caused by tilting c. Since a and b are of the order of 1 inch and 5a and 6b are of the order 
of 0.0001 inch or less, c f is approximately equal to c. The vectors ax5b and 5axb are the components of the vector in 
the reference plane giving the direction of tilt, and the angle of tilt is found by taking the magnitude of (ax5b + 5axb) 
and dividing by the magnitude of c. 

[0106] The proof of the above statements is as follows. The cross product between c and c' is 
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c'xc = (c + axSb + 6axb)xc = (ax5b)xc - (bx6a)xc = (a-c)5b - (5b c)a -(b-c)5a + (5ac)b (2.7) 

[0107] But c is perpendicular to both a and b, and since 6a = [0, 0, 633], 6b = [0, 0, 6D3], 

c'xc = (5a c)b - (6b-c)a (2.8) 

[0108] After some algebraic manipulation, the components of the cross product are given by 

c'xc= (a t b 2 -a 2 b 1 )[5a 3 b 1 - 5b 3 a v 5a 3 b 2 - 5b 3 a 2 (2.9) 

[0109] Note that the vector given by Equation (2.9) is perpendicular to the direction of tilt. The angle of tilt is found 
by utilizing the following equation 

50 I c'xc I = I c' I I c I sine (2.10) 
High Speed Beam Deflector 
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[0110] The high speed beam deflector consists of a pair of acousto-optic beam deflectors (Bragg cell) 42, one for 
each axis of rotation. In choosing the Bragg cell 42 for this application, it is necessary that the total angular deflection 
range produced by the Bragg cell 42 exceeds the angular increment between zero crossings of the encoder used in 
the large angle driver. For the Bragg cell 42 being considered in this example (Isomet 1205C2), the stabilized beam 
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entering the Bragg cells can only be approximately 1 mm in diameter. If it is assumed that the light source is a laser 
diode with a wavelength of 0.85fim and that this beam were to be focused at a point 8m away (approximately the 
projection distance to reach the far edge of a 1 5 ft. cube) the focused spot diameter would be nearly 1 7mm in diameter. 
A spot of this size would be larger that the photodetector on the tool sensor subsystem. In order to obtain a sufficiently 

5 small spot on the photodetector, the stabilized beam will have to be expanded to a diameter of 5mm before being 
focused on to the tool sensor photodetector. This will result in a spot only 3mm in diameter on the detector surface. 
[0111] Since beam expansion is necessary to obtain a small focal spot on the tool sensor 60, the additional effects 
of the beam expander on the system design must be considered. A schematic of the stabilized beam leaving the 
acoustooptical detector and propagating through a beam expander and focusing lens is shown in FIG. 7. Note that 

10 the stabilized beam leaves the Bragg cell at some angle from the center line. After the beam passes through the beam 
expander, the deflection angle is reduced. The angle of deflection is reduced by the amount the beam has been ex- 
panded. The system effects are as follows. 

[0112] There is a limitation as to the maximum amount the beam can be expanded that is governed by the angular 
distance between encoder transitions, A9 C , and the total deflection angle of the stabilized beam 56. The terms input 

15 space angle 6j and output space angle 8 Q are referenced to the beam expander and the large angle driver. Output 
space refers to the angle measured in the workpiece fixed coordinate system. The angular changes produced by the 
large angle driver and the beam leaving the beam expander are in output space. The angular changes produced by 
the output of the Bragg cell 42 are in input space. If A6j is angular change in input space and A6 0 is the angular change 
in output space then A9j/A9 0 is equal to the beam expansion ratio BR. Since A8 0 must always be larger than A8 C , and 

20 A8 D is fixed by the design of the Bragg cell 42, there is a limit to how large BR can be. 

[0113] The frequency range over which the Bragg cell operates is 65MHz to 95MHz. In order to maintain a given 
angular accuracy, A9, it is necessary to maintain a given frequency accuracy, Af. The relationship between the two is 

A8=-Af (2.11) 

25 v > 

where X is the wavelength of the light beam going through the Bragg cell (0,85 pjn) and v is the velocity of sound in 
the Bragg cell medium (3630 m/sec). Equation (2.11) shows that if the angular accuracy is to be controlled to 0.1 
jiradians, the frequency must be controlled to within 427 Hz. Such precise control at a frequency of nearly 100 MHz 
30 is possible, but reduces the control bandwidth. Expanding the beam helps, since Af can be increased by the ratio BR, 
thereby making it easier to obtain the'needed bandwidth. 

[0114] The system interaction between the mechanical components of the SLBD 52 and the electrical signals is 
shown in FIG. 4. Only the azimuth angle control is shown since the analogous elevation control system is similar. The 
angle 8 jnput is generated by the Computational Subsystem and is calculated by signals derived from the Reference 

35 Subsystem and user input such as a CAD drawing or direct command. In addition to 9| npiJt , output of a coarse, 
absolute encoder may also be provided as feedback to confirm that counts were not dropped from the incremental 
encoder. This loop is not necessary for the functioning of the invention, but it is a good error check. The encoder error 
signal at line 100 is fed back to both a servo controller board 102 and to a transformation matrix processor 104. The 
transformation matrix processor 104, for example, could be an appropriately programmed workstation of a signal proc- 

40 essor such as the Motorola DSP56000. In order to have a stable control loop, it is necessary to also provide velocity 
feedback to the servo controller. A velocity signal at line 106 can be generated by adding a tachometer to the system 
or by mathematically differentiating encoder error signal. 

[01 15] In addition to the encoder error signal, both the elevation and the azimuth axis tilt measurements as well as 
the displacement measurements from the tilt detectors have to be fed into the transformation matrix, and finally the 

45 input space interpolation angle that positions the beam between encoder transitions has to be provided. 

[01 16] The output of the transformation matrix 104 is preferably a digital frequency command to a phase locked loop 
frequency synthesizer 108. A commercially available device for generating the necessary frequencies from a digital 
input is the Phillips TSA6057 frequency synthesizer. The synthesizer also requires a reference frequency input. The 
frequency stability needed to assure deflection of the Bragg cell 42 to the necessary angular accuracy is one part in 

50 one million. A frequency source 110 capable of providing that level of stability is a Hewlett Packard HP 10811 oscillator. 
This oscillator further serves as the timing reference for the overall DRMS system. The output of the frequency syn- 
thesizer 108 is amplified by a radio frequency power amplifier 1 1 2 in order to provide a power level of one watt to drive 
the 50 ohm load of the Bragg cell 42. 

55 WORKPIECE REFERENCE SUBSYSTEM 

[0117] The Workpiece Reference Subsystem consists of a minimum of three reference detector assemblies rigidly 
mounted on the workpiece, or on a jig holding the work-piece. The purpose, of the reference, detector assemblies is to 
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establish the locally rigid reference plane on the workpiece, and to measure the relative motion of the SLBDs 52 with 
respect to the workpiece. The precise positioning of the reference detectors can be determined by (1) direct measure- 
ment, (2) fiducials built into the workpiece or the jig, (3) by utilizing the Calibration Subsystem. 
[0118] Each reference detector assembly contains one or more photodetectors that is capable of measuring the 

5 position of the centroid of the reference beam to an accuracy of a few tens of microinches. In general, a single photo- 
detector would be adequate for each reference detector assembly. In that case, each reference beam 54 would time 
share the use of the reference detector 58 by controlling the on and off time of each laser. However, geometrical 
constraints imposed by the nature of the workpiece could require the use of more than one photodetector in each 
assembly. As may be readily appreciated, the detailed mechanical design of the reference detector assembly is highly 

10 dependent on the particular configuration of the workpiece and may vary accordingly. 

[0119] There are several classes of photodetectors that could be used to measure the beam position. CCD arrays 
and quad cells are two commonly-used photodetectors which could be used in some limited circumstances, but are 
generally not recommended. The preferred class of photodetector is the lateral effect photodiode which can continu- 
ously measure the position of the light beam centroid to a resolution of 12 microinches over a 13mm by 13mm square. 

15 The lateral effect photodiode has a frequency bandwidth of greater than 100 kHz, which is more than adequate for this 
application. A recommended photodetector is the Hammamatsu S1300 Duo-Lateral Position-Sensitive Detector. 

Beam position measurement 

20 [0120] Electrical circuitry and mathematical operations associated with the lateral effect photodiode are readily avail- 
able and typically discussed in literature provided by manufacturers. 

TOOL SENSOR SUBSYSTEM 

25 [0121] The Tool Sensor Subsystem is similar in concept to the reference detector assembly. In fact, there may be 
very little difference between the two either mechanically or electrically. In many applications, two detectors would be 
required on the sensor assembly. This would permit the two laser beams to establish a reference plane from which the 
orientation of the tool could also be measured. 

[0122] The function of the tool sensor subsystem is to measure the position of the stabilized laser beams on the 
30 sensor and use this information in one of two ways. The first is as a positional error measuring device. In this mode, 
the SLBD beams establish the desired point in space and the tool sensor 60 measures the deviation from this position. 
This error is used as the basis of commands to the tool to correct the error. 

[0123] The second way in which the tool sensor 60 could be used is to provide error signals to the SLBDS 52. This 
would allow the SLBDs 52 to track the sensor, and in this way determine the position of the sensor at all times. In this 
35 mode, the DRMS 50 can be used to measure the as built configuration of the workpiece. 

CALIBRATION SUBSYSTEM 

[0124] The calibration subsystem provides the means of initially setting up the DRMS system in the work place, 
40 periodically checking the operation of the system, and making the DRMS metrology traceable to the National Institute 
of Standards and Technology. The calibration subsystem consists of a specially built calibration fixture with its associ- 
ated detectors and electronics. 

[0125] The calibration fixture consists of a tetrahedron built from a material that is mechanically stiff and thermally 
stable such as invar or carbon/epoxy. The tetrahedron is the only geometrically rigid figure in space, and was chosen 
45 for this reason. At each vertex of the tetrahedron is placed a photodetector similar to the reference detector. The 
positions of the photodetectors are very accurately measured, and these measurements could be made traceable to 
NIST length standards. The length of each edge of the tetrahedron should be between one and two meters long for 
most applications. 

[0126] The distances that are measured on the tetrahedron are the distance between each of the optical centers of 
50 the four photodetectors placed at the vertices. The point defining the optical center on the surface of each photodetector 
is defined as a vertex of the tetrahedron. The error associated with these measurements should be maintained to less 
than 0.5 ftm (20 microinches). This level of accuracy can be obtained with a commercially available instrument such 
as the Hewlett-Packard model 5527B laser interferometer positioning system and its accessories. Note that the as- 
sembly of the tetrahedron does not require this level of accuracy, since the actual positions of the photodetector optical 
55 centers are measured after assembly. It is required that the structure holding the detectors be highly stable dimension- 
ally. Note that the lines connecting the vertices are not necessarily coincident with the mechanical structure. 
[0127] The tetrahedron is shown in FIG. 8 as a vector analog; i.e., the directed lines between the vertices, and the 
directed lines between the vertices and one of the beam directors as indicated by BD in the figure. The edges of the 
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calibration tetrahedron are shown as the lines between the vertices labeled as 0, 1, 2, and 3. The six edges of the 
tetrahedron are labeled as x, y, z and u f v. w. The vectors coinciding with these edges are as follows: 

x is directed from 0 to 1 
y is directed from 0 to 2 
z is directed from 0 to 3 
u is directed from 2 to 1 
v is directed from 3 to 2 
w is directed from 1 to 3 



[0128] The vectors from the vertices to the beam director are designated as p, a, b f and c. 

[0129] The four surfaces of the tetrahedron consist of four triangles with twelve interior angles. Since all six of the 
sides making up the four triangles are known, then the twelve interior angles can be calculated (Ref.: R. S. Burington, 
"Handbook of Mathematical Tables and Formulas, 3rd ed.", paragraph 65. Handbook Publishers, Inc., Sandusky, OH). 

15 We now use the three vectors x, y, and z to form the basis vectors of a three dimensional coordinate system. Note that 
. these three vectors need not be orthogonal to each other, thus they could form an oblique coordinate system. In that 
case the covariant and the contravariant components of the vectors must be differentiated (Ref.: E. A. Guillemin, "The 
Mathematics of Circuit Analysis", Chap. 3. John Wiley and Sons, Inc., New York). At the vertex BD, six angles can be 
measured between the four vectors p, a, b f and c by directing the stabilized beam to the vertices 0, 1, 2, and 3. This 

20 is sufficient to calculate the length of the vector p and its components along the x, y, and z axes. 

[0130] In order that the equations to be derived are independent of the coordinate system, they will first be written 
out in vectorial form. At the tetrahedron we have: 



u = x-y (2.12) 

v = y-z (2.13) 

w = z-x (2.14) 

[0131] Additionally: 

x = p - a (2.15) 

y = p-b * (2.16) 

z = p-c (2.17) 

u = b-a (2.18) 

v = c-b (2.19) 

w = a -c (2.20) 



[0132] All the vectors on the left hand side of equations 2.15 through 2.20 are known. In order to solve for the four 
unknown vectors, only four of the above equations are chosen. For purpose of illustration, equations 2.15 through 2.18 
55 are selected. An angle between two vectors, such as that between vectors p and c, is indicated by the notation Zpc. 
Next, the vector operation of a dot product is taken on each of the equations. By taking the dot product (also referred 
to as the scalar product and the inner product), the results are independent of the nature of the coordinate system. 
The resulting equations are as follows: 



19 



10 



20 



25 



45 



EP 0 846 248 B1 

x • x = (p - a) • (p - a) = p p + a a - 2a p (2.21 ) 

y.y = (p - b) • (p - b) = p p + b b - 2b p (2.22) 

zz = (p - c) • (p - c) = p p + c c - 2c.p (2.23) 

u-u = (b - a) • (b - a) = a a + b b - 2a.b (2.24) 



[0133] Note that the quantities in equations 2.21 through 2.24 are now scalars due to the mathematical operation of 
the dot product. The magnitude of a vector will be represented by italics; i.e., x = |x|, etc. Accordingly, equations 2.21 
15 through 2.24 are written in terms of the corresponding scalar quantities as follows: 

x*=p 2 +a 2 -2ap cos(Zap) (2.21a) 
y 2 =p 2 +b 2 -2bp cos(Zbp) (2.22a) 



z 2 =p 2 +c 2 -2cp cos(Zcp) (2.23a) 



u 2 =a 2 +b 2 -2ab cos(Zab) (2.24a) 



30 [0134] The left hand side of these equations as well as the angles are measured quantities. Equations 2.21a through 
2.24a make up a set of four nonlinear equations in four unknowns. These equations are best solved utilizing ah algorithm 
based on the Newton-Raphson method (Ref: W. H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterfing; "Nu- 
merical Recipes, the Art of Scientific Computing", Chap. 9. Cambridge University Press, 1986). As described in the 
literature, nonlinear equations can have more than one set of solutions, therefore precautions should be taken to assure 

35 convergence to the correct solution in this application. 

[0135] The components of p along the vectors x, y, and z can now be calculated using the formulas of plane trigo- 
nometry. In a similar manner, the vector p' to the second beam director can be determined. The baseline between the 
two beam directors is now given by the vector p - p\ With the baseline known, it is now possible to determine the 
position of any other point in space. 

40 [0136] By sequentially bringing the stabilized beams 56 of each SLBD 52 on to the photodetectors, the exact positions 
and orientations of the SLBDs 52 can be measured by a surveying process known as tacheometry. Once the positions 
of the SLBDs 52 are known as well as their positions with respect to the reference detectors 54, the system is ready 
to perform its metrology function. 



COMPUTATIONAL SUBSYSTEM 



[0137] The high bandwidth requirements of the DRMS 50 make it a computationally intensive system. The large 
number of signals consisting of both external measurements and internal corrections require a powerful workstation 
to carry out the necessary computations. An alternative approach is to take advantage of a distributed computational 

so system utilizing special purpose components such as digital signal processors. Such processors could be imbedded 
in each individual subsystem and communications to a executive central processor could be digitally implemented over 
fiber optic links. Such an approach provides immunity from severe electrical noise sources that are likely to be present 
on the factory floor. In a distributed computational system, the executive central processor may be a high end personal 
computer. The most difficult mathematical operations are the coordinate transformations needed to bring all measure- 

55 ments to the workplece coordinate system. These transformations are available as commercial software in packages 
such as PV-WAVE by Visual Numerics, Inc. 
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Claims 

1. A high bandwidth, dynamically rigid metrology system (50) for providing realtime control of an optical steering 
element, the system comprising: 

5 

a tool sensor reference subsystem (60) including a controlled tool for interfacing with a work-piece, a mech- 
anism for controlling the position of the controlled tool and a broad area laser beam sensor mounted on the 
tool adjacent to a point of interaction of the tool with the work-piece; 

10 two spaced stabilized laser beam directors (SLBD (52)), directing a tracking laser beam (56) at the broad area 

laser beam sensor on the tool; 

and a computational subsystem; 

15 characterised in that the system further comprises: 

at least three fixed broad area laser beam sensors (58) adapted to be fixedly mounted on the work-piece, to 
provide a work-piece reference subsystem 

20 wherein each said SLBD (52) also directs a laser beam (54) at each of the fixed broad area laser beam sensors 

(58); 

said work-piece reference system is adapted to employ the laser beams at each of the fixed broad area laser 
beam sensors to measure motions of the SLBDs relative to the work-piece; 

25 

and said computational subsystem is adapted to employ data indicating the motions of the SLBDs relative to 
the work-piece to provide a functional equivalent of a globally rigid system between locally rigid reference sites 
at the work-piece and the SLBDs (52). 

30 2. A system as claimed in Claim 1 wherein said tool reference subsystem is further adapted to measure positions of 
the tracking lasers on the sensors on the tool to generate error signals. 

3. A system as claimed in Claims 1 or 2 wherein each said SLBD (52) includes a high speed laser beam director for 
shifting the orientation of said tracking laser beams to track the movement of the tool. 

35 

4. A system as claimed in any of claims 1 to 3, further comprising circuitry for controlling the position of said tool in 
accordance with signals received from said fixed and said tracking broad area laser beam sensors. 

5. A system as claimed in claim 1 

40 wherein each of said stabilized laser beam directors (SLBD) (52) includes: 

a base (10), a beam pointing and stabilization apparatus mechanically coupled to said base (10), three refer- 
ence beam lasers (13) and a stabilized beam laser (13) attached to said base (10) and a metric structure (20) 
mechanically coupled to said SLBD (52) providing a locally rigid SLBD coordinate system, each beam pointing 

45 and stabilization apparatus including an optical steering element and an axis tilt detector, said optical steering 

element being optically coupled to said stabilised beam laser (13) and steering said stabilised beam laser (13) 
in response to an input signal, said optical steering element providing error signals associated with a position 
and an orientation of said optical steering element relative to said locally rigid SLBD coordinate system, said 
optical steering element further including a rotational axis, said axis tilt detector providing signals indicating 

50 an angle of tilt and a direction of said rotational axis relative to an initial position of said rotational axis; 

wherein said workpiece reference subsystem includes three reference detectors (58) fixedly positioned relative 
to a work-piece providing a locally rigid work-piece coordinate system, said three reference detectors (58) 
respectively being in optical communication with said three reference beam lasers (13) of each said SLBD 
55 (52), said reference detectors (58) generating reference detector output signals in response to said reference 

beam lasers (13); 

wherein said tool sensor reference subsystem includes at least one tool sensor detector positioned on a tool 
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and in optical communication with said stabilised beam laser (13) P said at least one tool sensor detector gen- 
erating tool sensor detector output signals in response to said stabilised beam laser (13); 

and wherein said computational subsystem includes at least one processor receiving and performing coordi- 
nate transforms on the reference detector output signals and the tool sensor detector output signals to track 
a position of the tool relative to the locally rigid work-piece coordinate system, said at least one processor 
receiving and processing the angle of tilt and direction signals from said axis tilt detector and the error signals 
from said optical steering element to generate said Input signal thereby providing real time control of said 
optical steering element. 

6. A system as claimed in claim 5 wherein said stabilised beam laser (56) comprises a single mode laser. 

7. A system as claimed in claim 5 or 6 wherein said optical steering element comprises: 

a large angle driver controlling an orientation of said beam pointing and stabilizing apparatus relative to said 
base (10) and generating the error signals; 

and a high-speed beam deflector optically coupled to said stabilised beam laser (56) and steering said stabi- 
lised beam laser (56) in response to the input signal. 

8. A system as claimed in claim 7 wherein said large angle driver includes at least one encoder generating the error 
signals. 

9. A system as claimed in claim 7 or 8 wherein said high-speed beam deflector comprises an acousto-optic beam 
deflector optically coupled to and steering said stabilised beam laser (56) in response to the input signal. 

10. A system as claimed in claim 7 or 8 wherein said high-speed beam deflector comprises: 

a beam expander optically coupled to said stabilised beam laser (56) and outputting an expanded stabilized 
beam; 

and an acousto-optic beam deflector stabilizing and steering the beam into the expander. 

1 1 . A system as claimed in claim 1 wherein each of said 

stabilized laser beam directors (SLBD (52)) is within a locally rigid SLBD (52) coordinate system includes an 
optical steering element and an axis tilt detector, each of said optical steering elements steering a stabilised 
beam laser (56) in response to an input signal, said optical steering elements of each SLBD (52) including a 
rotational axis and outputting error signals associated with a position and orientation of said optical steering 
element relative to said locally rigid SLBD (52) coordinate system, said axis tilt detector of each SLBD (52) 
providing signals indicating an angle of tilt and a direction of said rotational axis relative to an initial position 
of said rotational axis; 

wherein said workpiece reference subsystem provides a locally rigid work-piece coordinate system and outputs 
signals indicating positions of said SLBD (52)s relative to said reference subsystem; 

and wherein said computational subsystem includes a processor processing the signals from said reference 
subsystem relating said locally rigid SLBD (52) coordinate systems to each other and to said locally rigid work- 
piece coordinate system and processing the error signals and the angle of tilt and direction signals to generate 
the input signal to steer the stabilised beam laser (56) in real time. 

12. A system as claimed in claim 11 wherein said stabilised beam laser (56) generates a circular and collimated out- 
going beam. 

13. A system as claimed in claim 11 or 12 wherein said optical steering element comprises: 

a large angle driver controlling coarse movements of said optical steering element and generating the error 
signals; 



22 



EP 0 846 248 B1 



and a high-speed beam deflector optically coupled to said stabilised beam laser (56) and controlling fine steer- 
ing of said stabilised beam laser (56) in response to the input signal. 

14- A system as claimed in claim 1 3 wherein said large angle driver includes two encoders generating the error signals. 

15. A system as claimed in claim 13 or 14 wherein said high-speed beam deflector comprises a Bragg cell optically 
coupled to and steering said stabilised beam laser (56) in response to the input signal. 

16. A system as claimed in claim 13 or 14 wherein said high-speed beam deflector comprises: 

a Bragg cell receiving and steering the beam in response to the input signals, said Bragg cell being optically coupled 
to a beam expander which outputs an expanded stabilized beam. 

17. A system as claimed in any of claims 5, 10, 11-16 wherein said axis tilt detector comprises: 

a substantially planar conductive surface fixedly positioned relative to a reference plane of said SLBD (52); 
and at least three electrodes fixedly positioned relative to said rotational axis, capacitances between said 
conductive surface and said at least three electrodes facilitating a measurement of the angle of tilt and direction 
signals. 

18. A system as claimed in claim 11 or 17 wherein said conductive surface comprises an optical flat. 



Patentansprilche 

1. Ein dynamisch festes Metrologiesystem mit hoher Bandbreite (50) zum Vorsehen eines in Echtzeit wirkenden 
optischen Lenkelements, bestehend aus: 

einem Werkzeugsensor-Referenz-Subsystem (60), einschliefclich eines geregelten Werkzeuges als Schnitt- 
stelle mit einem Werkstuck, einem Mechanismus zum Steuern der Position des geregelten Werkzeuges und 
einem breitflachigen Laserstrahlsensor, der neben einer Stelle der Wechselwiricung des Werkzeuges mit dem 
Werkstuck neben dem Werkzeug montiert ist; 

zwei im Abstand ausgefuhrten stabilisierten Laserstrahl-Zieleinrichtungen (SLBD (52)), die einen Folgelaser- 
strahl (56) am breitflachigen Laserstrahlsensor am Werkzeug lenken; 

einem Rechner-Subsystem; 

gekennzeichnet dadurch, dass sich die Anlage aus den weiteren folgenden Bestandteilen zusammensetzt: 

mindestens drei festen breitflachigen Laserstrahlsensoren (58), die fest am Werkstuck montiert werden, 
uni ein Werkstuckreferenz-Subsystem zu vermitteln, 

bei dem jedes der SLBD (52) ebenfalls einen Laserstrahl (54) auf alle der festen breitflachigen Laser- 
strahlsensoren (58) lenkt; 

wobei das erwahnte Werkstuck zum Einsatz eines Laserstrahls an jedem der festen, breitflachigen La- 
serstrahlsensoren zum Messen der Bewegung der SLBDs im Verhaltnis zum Werkstuck ausgefuhrt ist 

und das erwahnte Rechner-Subsystem zum Verwerten von Daten ausgefuhrt ist, die die Bewegung der 
SLBDs im Verhaltnis zum Werkstuck anzeigen, um ein funktionelles Aquivalent eines globalen festen 
Systems zwischen lokalen, festen Bezugsstelfen am Werkstuck und deh SLBDs zu vermitteln. 

2. Ein System nach Anspruch 1 , bei dem das erwahnte Werkzeugreferenz-Subsystem welter zum Messen der Po- 
sitioner! des Folgelasers an den Sensoren des Werkzeugs ausgefuhrt ist, um Fehlersignale zu erzeugen. 

3. Ein System nach einem der Anspruche 1 oder 2, bei dem jedes der SLBDs (52) eine hochschnelle Laserstrahl- 
Zieleinrichtung zum Verandern der Orientierung des Folgelasers vorsieht, um die Werkzeugbewegung zu verfol- 
gen. 
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Ein System nach einem der Anspruche 1 bis 3 t welter bestehend aus einer Schaltung zum Steuem der Position 
des erwahnten Werkzeuges entsprechend den Signalen, die von den erwahnten festen und breitfl§chigen Folge- 
lasersensoren ausgegeben werden. 

Ein System nach Anspruch 1 , 

bei dem jede der erwahnten stabilisierten Laserstrahl-Zieleinrichtungen (SLBD) (5) aus den folgenden Elementen 
besteht: 

einem Unterteil (10), einem mechanisch mit dem Unterteil (10) verbundenen Laserziel- und Stabilisierungs- 
gerat, drei Bezugsstahllasern (13) und einem stabilisierten Strahllaser (13), die mit dem Unterteil (10) verbun- 
den sind sowie einer metrischen Struktur (20), die mechanisch mit den SLBD (52) verbunden ist, urn ein lokal 
festes SLBD-Koordinationssystem zu vermitteln. Jedes Strahlziel- und Stabilisierungsgerat beinhaltet ein op- 
tisches Lenkteil und einen Achskippdetektor, wobei das optische Lenkteil optisch mit dem erwahnten stabili- 
sierten Strahllaser (13) verbunden ist. Das Lenken des erwahnten stabilisierten Strahllasers (13) erfolgt als 
Reaktion auf ein Eingangssignal, wobei das optische Lenkteil Fehlersignale ausgibt, die mit einer Position 
und einer Orientierung des erwahnten optischen Lenkteils im Verhaltnis zu dem lokalen festen SLBD-Koordi- 
nationssystem verbunden sind. 

Das erwahnte optische Lenkteil umfasst eine Drehachse, wahrenddessen der erwahnte Kippachsendetektor 
Signale ausgibt, die den Kippwinkel und eine Richtung dieser Drehachse im Verhaltnis zu deren Ausgangs- 
position anzeigen; 

das Werkstuckreferenz-Subsystem umfasst drei Referenz-Detektoren (58), die im Verhaltnis zum Werkstuck 
fest positioniert sind, woraus ein lokales, festes Werkstuck-Koordinationssystem entsteht, wobei die drei Re- 
ferenz-Detektoren (58) in optischer Verbindung mit den drei Bezugsstrahllasem (13) aller SLBD (52) stehen 
und die Referenz-Detektoren (58), als Reaktion auf die Referenzstrahllaser (13) Referenz-Ausgangssignale 
erzeugen; 

das erwahnte Werkzeugsensor-Referenz 7 Subsystem beinhaltet mindestens einen Werkzeugsensor-Detektor, 
der sich am Werkzeug und in optischem Kontakt mit dem stabilisierten Strahllaser (13) befindet, wobei der 
Werkzeugssensor-Detektor, als Reaktion auf den stabilisierten Strahllaser, Werkzeugsensor-Detektoraus- 
gangssignale erzeugt; 

das erwahnte Rechner-Subsystem beinhaltet mindestens einen Prozessor, der die Referenzdetektor-Aus- 
gangssignale und die Werkzeugsensor-Detektorausgangssignale empfangt und Koordinationskaikuiationen 
an diesen durchfuhrt, um eine Position des Werkzeuges im Verhaltnis zum lokalen festen Werkstuck-Koordi- 
nationssystem zu verfolgen. Dabei erzeugt der Prozessor, der den Kippwinkel und die Richtungssignale aus 
dem erwahnten Achskippdetektor und die Fehlersignale aus dem erwahnten optischen Lenkteil empfangt und 
verarbeitet, die erwahnten Eingangssignale, woraus eine Echtzeitregelung des erwahnten optischen Lenkteils 
resultiert. 

Ein System nach Anspruch 5, bei dem sich der stabilisierte Strahllaser (56) aus einem Einmoden-Laser zusam- 
mensetzt. 

Ein System nach einem der Anspruche 5 oder 6, bei dem sich das erwahnte optische Lenkteil aus folgendem 
zusammensetzt: 

einem Groliwinkeltreiber, der eine Orientierung des erwahnten Strahllenk- und stabilisierungsgerats im Ver- 
haltnis zum erwahnten Unterteil (10) sowie das Erzeugen von Fehlersignalen steuert und 

einem hochschriellen Strahlablenker, der optisch mit dem erwahnten stabilisierten Strahllaser (56) verbunden 
ist und diesen, ansprechend auf das Eingangssignal, lenkt. 

Ein System nach Anspruch 7, bei dem der Groliwinkeltreiber mindestens einen Codierer beinhaltet, der die Feh- 
lersignale erzeugt. 

Ein System nach einem der Anspruche 7 oder 8, bei dem der erwahnte hochschnelle Strahlablenker einen akusto- 
optischen Strahlablenker umfasst, der optisch mit dem stabilisierten Strahllaser (56) verbunden ist und diesen, 
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ansprechend auf das Eingangssignal, lenkt. 

10. Ein System nach einem der Anspriiche 7 oder 8, bei dem der erwahnte hochschnelle Strahlablenker fblgendes 
umfasst: 

eine Strahlausweitungsvonichtung, die optisch mit dem erwahnten stabilisierten Strahllaser (56) verbunden 
ist und einen ausgeweiteten stabilisierten Strahl ausgibt und 

einen akusto-optischen Strahlablenker, der den Strahl stabilisiert und in die Ausweitungsvorrichtung lenkt. 

11. Ein System nach Anspruch 1, bei dem sich alle der folgenden 

stabilisierten Laserstrahl-Zieleinrichtungen (SLBD (52)) in einem lokalen festen SLBD (52) Koordinationssy- 
stem befmden, das ein optisches Lenkteil und einen Achsenkippdetektor beinhaltet, wobei jedes der erwahn- 
ten optischen Lenkteile einen stabilisierten Strahllaser, ansprechend auf ein Eingangssignal lenkt. Dabei be- 
inhalten samtliche optischen Lenkelemente aller SLBD (52) eine Drehachse und geben Fehlersignale aus, 
die sich auf eine Position und Orientierung des erwahnten optischen Lenkelements im Verhaltnis zum lokalen 
festen SLBD (52) Koordinationssystem beziehen. Dabei vermittelt der Achsenkippdetektor Signale, die einen 
Kippwinkel und eine Richtung der Drehachse im Verhaltnis zur Ausgangsposition der Drehachse darstellen; 

dabei vermittelt jedes Werkstuck-Referenz-Subsystem ein lokales festes Werkstuck-Koordinationssystem und 
gibt Signale aus, die die jeweiligen Positionen der SLBD (52) im Verhaltnis zum erwahnten Referenzsystem 
darstellen; 

dabei beinhaltet das erwahnte Rechnersubsystem einen Prozessor, der die Signale aus dem Referenzsub- 
system bezuglich der lokalen festen SLBD (52) Koordinationssysteme in Bezug zueinander und mit Bezug 
auf das lokale feste Werkstuck-Koordinationssystem verarbeitet. Weiter verarbeitet dieser Prozessor die Feh- 
lersignale und den Kippwinkel spwie die Richtungssignale, um ein Eingangssignal zum Lenken des stabili- 
sierten Strahllasers (56) in Echtzeit zu erzeugen. 

12. Ein System nach Anspruch 11, bei dero der stabilisierte Strahllaser (56) einen runden, kollimierten Ausgangsstrahl 
erzeugt. 

13. Ein System nach einem der Anspruch e 11 oder 12, bei dem das erwahnte optische Lenkteil aus folgendem besteht: 

einem GroRwinkeltreiber, der die groben Bewegungen des optischen Lenkteils steuert und Fehlersignale er- 
zeugt sowie 

einem hochschnellen Strahlablenker, der optisch mit dem stabilisierten Strahllaser (56) verbunden ist und die 
Feineinstellung des stabilisierten Strahllasers (56), ansprechend auf ein Eingangssignal, steuert. 

14. Ein System nach Anspruch 13, bei dem der erwahnte Gro&winkeltreiber zwei Codierer beinhaltet, die Fehlersignale 
erzeugen. 

15. Ein System nach einem der Anspriiche 13 oder 14, bei dem der hochschnelle Strahlablenker aus einer Bragg- 
Zelle besteht, die optisch mit dem stabilisierten Strahllaser (56) verbunden ist und diesen, ansprechend auf das 
Eingangssignal lenkt. 

16. Ein System nach einem der Anspruche 13 oder 14, bei dem der hochschnelle Strahlablenker folgendes umfasst: 
eine Bragg-Zelle, die den Strahl empfangt und, ansprechend auf die Eingangssignale, lenkt, wobei die Bragg-Zelie 
optisch mit einer Strahlausweitungsvorrichtung verbunden ist, die einen ausgeweiteten, stabilisierten Strahl aus- 
gibt. 

17. Ein System nach einem der Anspruche 5, 10 oder 11 bis 16, bei dem der Achsenkippdetektor aus folgendem 
besteht: 

einer grofctenteils planaren-Leitflache, die im Verhaltnis zu einer Referenzebene der erwahnten SLBD (52) 
fest positioniert ist und 
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mindestens drei Elektroden, die im Verhaltnis zur erwahnten Drehachse fest positioniert sind und deren Ka- 
pazitanz zwischen der Leitflache und den mindestens drei Elektroden eine Messung des Kippwinkeis und der 
Richtungssignale ermoglicht. 

18. Ein System nach einem der Anspruche 11 bis 17, bei dem die erwahnte Leitflache eine optische Flachscheibe 
umfasst. 



Revendications 

1. Un systeme de mEtrologie dynamiquement rigide a bande paSse-haut (50) pour foumir un controle en temps rEel 
d'un ElEment directeur optique, le systeme comportant : 

un sous-systEme de reference de capteur d'outil (60) incluant un outil controlE pour Tinterface avec une piEce 
a usiner, un mecanisme pour controler la position de I'outil controlE et un capteur de faisceau laser a grande 
ouverture monte sur Poutil adjacent a un point d'interaction de I'outil avec la piece a usiner ; 

deux directeurs de faisceau laser stabilise (SLBD (52)) EcartEs Tun de I'autre, qui dirigent un faisceau laser 
de suivi (56) vers le capteur de faisceau laser a grande surface sur Toutil ; 

et un sous-systeme de calcul ; 

caracterise en ce que le systeme comporte de plus : 

au moins trois capteurs de faisceau laser fixe a grande surface (58) adaptes pour etre montes de facon fixe 
sur la piEce a usiner, pour crEer un sous-systeme de reference de piEces a usiner ; 

dans lequel chaque SLBD (52) dirige de plus un faisceau laser (54) vers chacun des capteurs de faisceau 
laser a grande ouverture fixe (58) ; 

ledit systeme de reference de pieces a usiner est adapte pour utiliser les faisceaux laser vers chacun des 
capteurs de faisceau laser fixe a grande surface pour mesurer des mouvements des SLBD relative me nt a la 
piece a usiner ; 

et ledit sous-systeme de calcul est adapte pour utiliser des donnEes qui indiquent les mouvements des SLBD 
relativement a la piEce a usiner pour fournir un Equivalent fonctionnel d'un systeme globalement rigide entre 
des sites de r6ference localement rigides au niveau de la pifece a usiner et des SLBD (52). 

2. Un systeme selon la Revendication 1 , dans lequel ledit sous-syst§me de reference d'outil est de plus adapte pour 
mesurer des positions des lasers de suivi sur les capteurs sur I'outil pour engendrer des signaux d'erreur. 

3. Un systeme selon les Revendications 1 ou 2, dans lequel chaque SLBD (52) inclut un directeur de faisceau laser 
rapide pour decaler Torientation desdits faisceaux laser de suivi pour suivre le mouvement de I'outil. 

4. Un systeme selon Tune quelconque des Revendications 1 a 3, qui comporte de plus des circuits pour controler la 
position dudit outil conformement avec des signaux emis par lesdits capteurs de faisceau laser fixe a grande 
ouverture et de suivi. 

5. Un systeme selon la Revendication 1 

dans lequel chacun desdits directeurs de faisceau laser stabilise (SLBD) (52) inclut : 

une base (10), un appareil de pointage et de stabilisation de faisceau couple mecaniquement a ladite base 
(10), trois lasers & faisceau de reference (13) et un laser d faisceau stabilise (13) attache d ladite base (10) 
et une structure m6trologique (20) coupfee m6caniquement auxdits SLB D (52) pourcrSer un systeme de 
coordonn6es SLBD localement rigides, chaque appareil de pointage et de stabilisation de faisceau incluant 
un efement directeur optique et un detecteur d'inclinaison d f axe, ledit Element directeur optique 6tant optique- 
ment couple audit laser £ faisceau stabilis6 (13) et dirigeant ledit laser a faisceau stabilise (13) en rEponse a 
un signal d^ntrEe, ledit Element directeur optique foumissant des signaux d'erreur associes a une position et 
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a une orientation dudit element directeur optique relativement audit systems de coordonnees SLBD localement 
rigides, ledit Element directeur optique incluant de plus un axe de rotation, ledit detecteur d'inclinaison d'axe 
fournissant des signaux qui indiquent un angle d'inclinaison et une direction dudit axe de rotation relativement 
a une position initiate dudit axe de rotation ; 

dans lequel ledit sous-systeme de reference de piece a usiner inclut trois detecteurs de reference (58); places 
de fa$on fixe relativement a une piece a usiner, qui fournissent un systeme de coordonnees de pieces loca- 
lement rigides, lesdits trois detecteurs de reference (58) etant respectivement en communication optique avec 
lesdits trois lasers a faisceau de reference (13) de chacun desdits SLBD (52), lesdits detecteurs de reference 
(58) gen§rant des signaux de sortie de detection de reference en reponse auxdits lasers a faisceau de refe- 
rence (13); 

dans lequel ledit sous-systeme de reference de capteur d'outil inclut au moins un detecteur de capteur d'outil 
positionne sur un outil et en communication optique avec ledit laser a faisceau stabilise (13), ledit ou chaque 
detecteur de capteur d'outil engendrant des signaux de sortie de detecteur de capteur d'outil en r6ponse audit 
laser a faisceau stabilise (13) ; 

et dans lequel ledit systeme de calcul inclut au moins un processeur qui regoit et effectue des transform6es 
de coordonnees sur les signaux de sortie des detecteurs de reference et sur les signaux de sortie des detec- 
teurs de capteur d'outil pour suivre une position de I'outil relativement au systeme de coordonnees de piece 
localement rigides, ledit ou lesdits processeur(s) recevant et traitant les signaux d'angle d'inclinaison et direc- 
teur emis par ledit detecteur d'inclinaison d'axe et les signaux d'erreur emis par ledit element directeur optique 
pour generer ledit signal d'entree, assurant ainsi un controle en temps reel dudit element directeur optique. 

6. Un systeme selon la Revendication 5, dans lequel ledit faisceau laser stabilise (56) comprend un laser monomode. 

7. Un systeme selon la Revendication 5 ou 6, dans lequel ledit element directeur optique comporte : 

un pilote a grand angle qui controle une orientation dudit appareil de pointage et de stabilisation de faisceau 
relativement a ladite base (10) et qui genere les signaux d'erreur ; 

et un deflecteur de faisceau rapide optiquement couple audit laser a faisceau stabilise (56) et qui dirige ledit 
laser a faisceau stabilise (56) en reponse au signal d'entree. 

8. Un systeme selon la Revendication 7, dans lequel ledit pilote a grand angle inclut au moins un codeur qui genere 
les signaux d'erreur. 

9. Un systeme selon la Revendication 7 ou 8, dans lequel ledit deflecteur de faisceau rapide comporte un deflecteur 
de faisceau opto-acoustique optiquement couple audit laser a faisceau stabilise (56) et qui le dirige en reponse 
au signal d'entree. 

10. Un systeme selon la Revendication 7 ou 8, dans lequel ledit deflecteur de faisceau rapide comporte : 

un etaleur de faisceau optiquement couple audit laser a faisceau stabilise (56) et qui produit un faisceau 
stabilise etaie ; 

et un deflecteur de faisceau opto-acoustique qui stabilise et dirige le faisceau dans I'etaleur. 

11. Un systeme selon la Revendication 1, dans lequel chacun desdits directeurs de faisceau laser stabilise (SLBD 
(52)) est au sein d'un systeme de coordonnees SLBD (52) localement rigides et inclut un element directeur optique 
et un detecteur d'inclinaison d'axe, chacun desdits elements directeur optique dirigeant un laser a faisceau stabilise 
(56) en reponse a un signal d'entree, lesdits elements directeur optique de chaque SLBD (52) incluant un axe de 
rotation et des signaux d'erreur de sortie associes avec une position et une orientation dudit element directeur 
optique relativement audit systeme de coordonnees SLBD (52) localement rigides, ledit detecteur d'inclinaison 
d'axe de chaque SLBD (52) fournissant des signaux qui indiquent un angle d'inclinaison et une direction dudit axe 
de rotation relativement a une position initiale dudit axe de rotation ; 

dans lequel ledit sous-systeme de reference de piece a usiner produit un systeme de coordonnees de piece 
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localement rigides et 6met des signaux qui indiquent les positions desdits SLBD (52) relativement audit sous- 
syst&me de reference ; 

et dans lequei ledit sous-systeme de calcul inclut un processeur qui traite les signaux dudit sous-systeme de 
s reference pour mettre en relation lesdits systemes de coordonnEes SLBD (52) localement rigides les uns avec 

les autres et avec ledit systeme de coordonnEes de pifece localement rigides et traite les signaux d'erreur et 
les signaux d'angle d'inclinaison et directeur pour g§n§rer le signal d'entrEe pour dinger le laser d faisceau 
stabilise (56) en temps r£el. 

10 12. Un systeme selon la Revendication 11 dans lequei ledit laser & faisceau stabilise (56) g§nere un faisceau de sortie 
circulate et co!limat6. 

13. Un systeme selon la Revendication 11 ou 12 dans lequei ledit Element directeur optique comporte 

15 un pilote h grand angle qui controle les mouvements grossiers dudit element directeur optique et qui genfere 

les signaux d'erreur ; 

et un deflecteur de faisceau rapide optiquement couple audit laser a faisceau stabilise (56) et qui controle la 
direction precise dudit laser a faisceau stabilise (56) en rgponse au signal d'entrEe. 

20 14. Un systeme selon la Revendication 13, dans lequei ledit pilote & grand angle inclut deux codeurs qui generent les 
signaux d'erreur. 

15. Un systeme selon la Revendication 13 ou 14, dans lequei ledit deflecteur de faisceau rapide comporte une cellule 
de Bragg optiquement couplee audit laser a faisceau stabilise (56) et qui dirige celui-ci en reponse au signal 

25 d'entrEe. 

16. Un systeme selon la Revendication 13 ou 14, dans lequei ledit deflecteur de faisceau rapide comporte : 

un cristal de Bragg qui report et dirige le faisceau en reponse aux signaux d'entree, ledit crista! de Bragg etant 
optiquement couplE & un etaleur de faisceau qui emet un faisceau stabilise 6tale. 
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17. Un systeme selon Tune des revendication s 5, 10, 11-16, dans lequei ledit detecteur d'inclinaison d'axe comporte : 



une surface conductrice sensiblement plane positionn§e de fagon fixe relativement a un plan de reference 
desdits SLBD (52) ; 

35 et au moins trois Electrodes positionnees de fagon fixe relativement audit axe de rotation, les capacites entre 

ladite surface conductrice et lesdites Electrodes (trois au moins) facilitant une mesure des signaux d'angle 
d'inclinaison et directeur. 



18. Un systeme selon fa Revendication 11 ou 17, dans lequei ladite surface conductrice comporte un plan optique. 
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